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FOREWORD 


This  technical  report  was  prepared  by  SIGNATRON,  Inc., 
Lexington,  Massachusetts,  under  Contract  DAAG29-77-C-0020 . 
The  Principal  Investigator  was  Dr.  Leonard  Ehrman.  Dr. 
Alfonso  Malaga  performed  the  field  measurements  and  reduced 
the  experimental  data.  Dr.  Fredric  Ziolkcwski  performed  the 
active  antenna  analysis.  Funding  for  the  "project  was  pro¬ 
vided  by  the  U.S.  Army  Communications  Research  and  Develop¬ 
ment  Command  (CORADCOM) ,  Communications  Systems  Center 
(CENCOMS) ,  Fort  Monmouth,  N.J.  The  data  base  was  provided  by 
Mr.  J.W.  Walker,  also  of  CENCOMS  who  has  provided  invaluable 
technical  and  administrative  assistance.  Dr.  J.  Mink,  U.S. 
Army  Research  office,  was  Technical  Monitor  for  the  Project. 
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EXECUTIVE  SUMMARY 


This  report,  along  with  the  Interim  Report  Vl]  issued 
by  SIGNATRON  in  1977,  constitutes  the  Final  Report  on  Con¬ 
tract  DAAG29-77-C-0020 ,  "Communications  Data  Base  'Analysis 

for  Military  Operations  in  a  Built-Up  Area  (MOBA/COJ3A)  "  . 

\ 

The  objectives  of  this  study  were,  broadly,  (i)  to  Assess 
the  state-of-the-art  for  radio  communications  in  built^-up 
areas;  (ii)  to  determine  the  capabilities  of  the  military 
to  maintain  reliable  communications  in  built-up  areas;  anil 
(iii)  recommend  further  research  efforts  with  the  goal  of 
improved  military  communications.  In  performing  (i)  through' 
(iii) ,  we  found  that  information  concerning  propagation 
between  low-height  antennas  in  a  MOBA  environment  was 
not  available  in  the  current  data  base.  We  also  determined 
that  the  most  significant  single  means  of  improving  MOBA 
radio  performance  is  to  utilize  diversity  reception.  We 
therefore  embarked  on  an  experimental  program  to  measure 
and  analyze  low-height  antenna  MOBA  propagation  at  VHF 
and  UHF ,  and  to  determine  feasible  means  of  implementing 
diversity  reception. 


The  experimental  program  consisted  of  propagation 
measurements  at  three  frequencies,  namely  27  MHz,  49.8 
MHz,  and  446  MHz.  The  measurements  were  made  in  an  urban 
area,  Boston,  Massachusetts,  and  in  a  suburban  area, 
Lexington,  Massachusetts.  At  each  frequency,  measure¬ 
ments  were  made  of; 


a.  street-to-street  path  loss  between  low  ele¬ 
vation  (~5  ft)  antennas 

b.  street-to-building  path  loss 
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c.  building- to-building  path  loss 

d.  intrabuilding  path  loss 

e.  correlation  between  signals  received  on  two 
whip  antennas  spaced  a  half-wavelength  apart. 

In  addition,  at  27  MHz  and  49.8  MHz,  measurements  were 
made  of 

f.  correlation  between  signals  received  on 
collocated  whip  and  loop  antennas. 

The  most  significant  results ,  from  an  operational 
viewpoint,  are  as  follows: 

a.  The  maximum  transmission  range  (with  typical  Army 
radios)  in  either  an  urban  or  a  suburban  environ¬ 
ment  is  approximately  one  mile.  In  order  to 
achieve  this,  one  or  possibly  both  of  the  radios 
must  be  in  the  middle  of  the  street.  If  both 
radios  are  on  the  sidewalk,  surrounded  by  high 
buildings,  the  maximum  range  can  be  as  low  as 

500  feet  at  VHF,  while  UHF  cannot  be  received 
unless  the  two  radios  are  in  line-of-sight  of 
each  other. 

b.  Short  distance  (100  meters)  street- to-building 
communications  can  be  reliably  established  at 
VHF  and  UHF  as  long  as  the  radio  inside  the 
building  is  not  too  far  in  the  building  interior. 
When  the  radio  is  deep  in  the  building,  low  VHF 
is  superior  to  UHF  or  high  VHF. 

c.  Building- to-building  communications  cannot  be 
reliably  established  at  either  VHF  or  UHF  unless 
one  of  the  radios  is  near  a  window  facing  the 
other  building. 
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d.  Communications  can  be  reliably  established 

at  both  VHF  and  UHF  between  nearly  any  floors 
in  a  building  providing  the  radios  are  in  a 
stairwell  or  near  an  elevator  shaft.  Communi¬ 
cations  are  possible,  although  with  a  higher 
path  loss,  away  from  stairwells  and  shafts, 
as  well  as  between  the  lower  floor  and  the 
basement.  Of  the  three  frequencies  used, 

49.8  MHz  had  the  best  performance,  i.e.,  least 
path  loss,  in  between-f loor  tests. 

e.  The  communications  range  along  corridors  in  a 
building  is  dependent  on  the  corridor  geometry 
and  interior  wall  construction.  UHF  is  superior 
to  VHF  in  straight  corridors,  but  has  a  greater 
path  loss  when  the  corridors  have  corners.  The 
VHF  range  may  be  as  great  as  100  meters  in  a 
cinder  block  or  concrete-walled  corridor,  and 
reduced  by  a  factor  of  two  to  four  in  a  gypsum 
walled  corridor. 

f.  When  either  the  receiver  on  the  transmitter  is 
moved,  the  received  signal  level  will  vary 
according  to  the  Rayleigh  probability  dis¬ 
tribution.  Correlation  measurements  made 
with  collocated  whip  and  loop  antennas,  as 
well  as  whip  antennas  separated  by  0.5  wave¬ 
lengths,  show  sufficient  decorrelation  such 
that  a  dual  diversity  MOBA  radio  would  have 
its  range  increased  by  a  factor  of  1.4  to 
1.8. 

The  most  significant  results  from  a  technical  viewpoint 
are  concerned  with  models  of  the  transmission  loss  for  low 
elevation  antennas  at  VHF  and  UHF.  This  model  extends  the 
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usefulness  of  the  Okumura  model  [2],  and  is  in  excellent 
numerical  agreement  with  it  at  446  MHz.  The  model  is 
easier  to  use  than  the  Okumura  model,  and  is  similar  in 
certain  respects  to  the  Allsebrook/Parsons  model  [3].' 

Our  model  takes  the  form: 

L  =  L  (d)  +  LD(f)  -  Hfc(ht,f)  -  Hr(hr,f)  + 

Ku,s(f'd)  +  Lb(f) 

where 

Lp(d)  is  the  plane-earth  path  loss  between 

two  2-meters  high  antennas 

L  (f)  is  an  environmental  clutter  factor 

which  varies  with  frequency.  Our 
estimate  of  this  factor  from  our 
data  is  shown  in  Figure  3.3-7. 

H. (h. ,f)  and  H  (h  ,f)  are  the  classical  antenna 
t  t  r  r 

height-gain  factors  relative  to  a 
2-meter  antenna 

K  (f,d)  is  a  highly-built-up  (urban)  or 

U  r  S 

medium-built-up  (suburban  or  along- 

street  urban)  correction  factor. 

The  urban  correction  factor  K  is 

u 

frequency  independent  but  varies 
depending  on  the  transmitter 
and  receiver  locations.  The  medium- 
built-up  area  correction  factor  K 

s 

also  applies  to  transmission  along 
urban  streets  and  varies  with  fre¬ 
quency.  Our  estimate  of  this  factor 
from  our  data  is  shown  in  Figure  3.3-9. 
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(from  SIGNATRON  Data) 


The  theoretical  plane-earth  path  loss  increases  at  a 
rate  of  40  dB  per  decade  of  separation  between  the  trans¬ 
mitter  and  receiver.  Figure  3.3-6  shows  the  average  path 
loss  measured  by  SIGNATRON  at  27  MHz,  49.8  MHz,  and  446 
MHz.  All  of  our  experimental  data  were  used  to  compute 
these  losses;  the  27  MHz  and  49.8  MHz  data  include  both 
in-street  and  on-sidewalk  measurements,  while  the  446  MHz 
data  are  for  in-street  measurements  only.  In  all  cases, 
the  data  are  seen  to  show  the  theoretical  40  dB/decade 
slope.  Also  shown  on  the  figure  is  a  point  from  Okumura's 
model  for  the  urban  path  loss  at  446  MHz  and  1  kM  separation. 
Our  measurement  differs  from  his  prediction  by  1.4  dB. 
Therefore  our  model  can  be  used  to  smoothly  extend  the 
Okumura  model  to  VHF  propagation  at  distances  less  than 
1  km. 

Based  on  the  results  of  this  program,  two  recommendations 
were  made.  First,  a  development  program  should  be  started 
to  build  and  test  a  VHF  diversity  receiver  using  an  active 
loop  antenna  as  the  auxiliary  antenna.  Second,  a  research 
program  should  be  started  to  determine  means  of  extending 
the  range  of  MOBA  radio  communications.  This  should  include 
consideration  of  relay  techniques,  externally  deployed 
antennas,  and  the  use  of  other  frequencies,  most  notably 
HF. 

* 
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FIGURE  3.3 


-6  SIGNATRON  Data  for  the  Average  Path  Loss 
at  27  MHz,  49.8  MHz,  and  446  MHz  in  Built- 
up  Areas 
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SECTION  1 


INTRODUCTION  AND  SUMMARY 


1 . 1  Introduction 

This  document  is  the  final  report  on  Contract  DAAG29-77-C-0020 , 
"Data  Base  Analysis  for  Military  Operations  in  a  Built-Up  Area 
(MOBA) " .  The  background  of  this  work  is  as  follows.  Military 
operations  have  classically  taken  place  in  open  areas,  and 
tactical  radio  communication  systems  have  been  developed  to  work 
in  that  type  of  environment.  It  has  been  found  that  when  conduct¬ 
ing  military  operations  in  a  built-up  area  (MOBA) ,  radio  communica¬ 
tions  become  erratic,  with  even  short  distance  communications 
being  impaired.  A  considerable  body  of  literature  on  VHF  and 
UHF  radio  transmission  and  propagation  in  the  urban  environment 
is  in  existence.  However,  no  compilation  or  analysis  of  the 
operational  impact  of  this  data  base  had  been  performed  prior 
to  this  study. 

The  objectives  of  SIGNATRON's  study  were  originally  to  review 
and  expand  the  data  base  and  (i)  assess  the  state-of-the-art  for 
communications  in  built-up  areas;  (ii)  determine  the  capabilities 
of  the  military  to  maintain  reliable  communications  in  built-up 
areas;  and  (iii)  recommend  further  research  efforts  with  the  goal 
of  improved  military  communications.  All  of  these  objectives 
have  been  fulfilled  and  are  documented  in  our  Interim  Report 
15068.1:  "Communications  Data  Base  Analysis  for  Military  Opera¬ 

tions  in  a  Built-Up  Area  ( MOB A/COB A) " .  In  the  course  of  our 
research  we  discovered  certain  data  to  be  lacking  in  the  existing 
MOBA  data  base.  We  also  determined  that  the  most  significant 
single  means  of  improving  MOBA  radio  performance  is  to  utilize 
diversity  reception.  The  objective  of  the  present  contract  to 
SIGNATRON  was  to  gather  the  lacking  data,  perform  diversity  pro¬ 
pagation  research  measurements,  and  analyze  the  results  so  that 
they  could  be  used  to  augment  the  existing  data  base  and  give 
direction  to  future  MOBA  radio  development.  The  current  pro  :ram 
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consisted  of  MOBA  data  base  augmentation,  MOBA  data  base  up¬ 
dating  and  research  for  long-term  improvements. 

i)  MOBA  Data  Base  Augmentation 

The  MOBA  data  base  which  we  reviewed  in  the  original 
study  has  two  shortcomings.  First,  the  data  were  primarily  taken 
with  elevated  base-station  antennas.  Secondly,  there  is  little 
quantitative  information  concerning  building- to-building ,  short- 
distance  street- to-street ,  and  street- to-building  propagation. 
Thus,  the  present  contract  was  intended  to  allow  us  to  perform 
experiments  to  acquire  data  in  the  VHF  and  UHF  bands  which  would 
fill  in  the  gaps  in  the  existing  data  base.  The  data  reduction 
and  analysis  were  designed  so  that  the  results  would  be  similar 
in  form  to  those  of  the  existing  data  base,  e.g.,  Okumura, 
allowing  them  to  be  used  in  a  unified  propagation  analysis. 

ii)  MOBA  Data  Base  Updating 

A  significant  data  base  was  established  and  analyzed 
in  the  interim  report.  As  part  of  the  continuing  effort  the 
technical  literature  was  monitored,  on  an  on-going  basis, 
and  the  data  base  periodically  updated.  In  addition,  contact 
was  made  with  researchers  in  other  countries ,  in  order  to 
obtain  the  most  recent  and  unpublished  results  for  inclusion  in 
the  data  base. 

iii)  Research  for  Long-Term  Performance  Improvement 

A  primary  conclusion  of  the  data  base  analysis  was 
that  MOBA  radio  communications  can  be  best  improved  by  use  of 
diversity.  We  recommend  two  techniques  which  require  neither 

transmitter  modification  nor  extra  frequency  allocation.  These 
are  polarization  or  field  diversity  and  space  diversity.  Thus 
a  diversity  measurement  program  was  included  in  our  MOBA 
data  base  augmentation  experiments.  The  purpose  of  these  measure¬ 
ments  was  to  determine  the  strength  and  correlation  of  the 
signals  received  on  space  diversity  receiving  antennas  and  on 
two  field  diversity  receiving  antennas,  thereby  providing  a 
MOBA  diversity  data  base. 
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Antenna  development  was  included  as  part  of  the 
experimental  program.  The  original  study  indicated  that  space 
diversity  would  be  more  practical  and  desirable  at  UHF  than  at 
VHF,  and  that  field  diversity  using  vertically  polarized  whip 
and  loop  antennas  would  be  the  most  practical  means  of  achieving 
diversity  with  manpack  radios  at  VHF.  The  correlation  data  was 
analyzed  to  give  the  performance  of  a  selection  diversity  combiner. 

All  of  these  objectives  have  been  met  and  are  reported 
in  this  document. 

This  report  is  divided  into  five  sections.  Section  2 
contains  a  description  of  the  propagation  and  correlation  measure¬ 
ments  made,  the  sites  where  the  measurements  were  made,  the  equip¬ 
ment  used  to  make  the  measurements,  and  the  'raw'  data 
(measurements) .  The  analysis  and  results  of  the  analysis  of  the 
data  are  presented  in  Section  3.  Section  4  contains  the  results 
of  the  MOBA  data  base  updating  as  well  as  an  introduction  to 
active  antennas,  a  new  development  which  may  be  in  use  in  future 
MOBA  diversity  radios .  Section  5  contains  our  conclusions  and 
recommendations . 

In  the  remainder  of  this  section  we  provide  a  summary 
of  the  results  of  Sections  2  through  5 . 
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1 . 2  Summary  of  Section  2 :  VHP  and  UHF  Propagation  Measurements 

in  MOBA  Environments 

In  Section  2  we  give  a  detailed  description  of  the  types  of 
measurements  made,  the  locations  were  the  measurements  were  made, 
the  equipment  used  to  make  the  measurements,  the  frequencies  at 
which  the  measurements  were  made  and  the  results  of  the  measurements 

The  frequencies  chosen  for  the  measurements  were  27  MHz, 

49.8  MHz  and  446  MHz.  The  choice  was  dictated  by  frequency 
allocation  (49.8  MHz)  and  the  availability  of  equipment  to  make 
the  measurements  (27  MHz  and  446  MHz) .  Tne  characteristics  of  the 
equipment  (radios,  antennas  and  detectors)  are  discussed  in 
Section  2.1.  Different  transceivers  with  different  output  powers 
and  antenna  gains  were  used  at  the  three  frequencies.  The  output 
power  and  other  characteristics  of  the  three  transceivers  are 
given  in  Table  2.1-1  while  the  antenna  characteristics  and  their 
estimated  gains  are  given  in  Tables  2.1-2  and  2.1-3. 

The  types  of  measurements  made  and  the  sites  (locations) 
where  they  were  made  are  discussed  in  Section  2.2.  As  discussed 
in  the  introduction,  two  types  of  measurements  were  made:  path 
(or  transmission)  loss  measurements  and  diversity  (or  correlation) 
measurements.  The  path  loss  measurements  can  be  grouped  into  four 
different  types  of  measurements: 

a)  Short  distance  street-to-street  propagation  between 
low  elevation  (~5  ft)  antennas; 

b)  street-to-building  propagation; 

c)  building-to-building  propagation;  and 

d)  intrabuilding  propagation. 

The  correlation  measurements  were  made  with  the  purpose  of  invest¬ 
igating  two  types  of  diversity  reception: 

a)  field  diversity  which  uses,  two  receiving  antennas 

to  detect  the  electric  field  (whip  antenna)  and  the 
magnetic  field  (loop  antenna)  components  of  the 
received  electromagnetic  field;  and 

•  i; 
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b)  space  diversity  which  uses  two  antennas  placed  far 

enough  apart  (a  half-wavelength)  so  that  the  signals 
captured  by  the  two  antennas  are  sufficiently 
decorrelated. 

The  street-to-street  propagation  measurements  were  made  in 
two  areas:  the  business  district  of  Boston,  Massachusetts,  and 
the  center  of  Lexington,  Massachusetts.  The  various  propagation 
paths  (transmit-receive-location)  used  in  each  area  are  described 
in  detail  in  Section  2.2.  The  Boston  business  district  is  typical 
of  an  urban  area  while  Lexington  Center  is  more  typical  of  a 
dense  suburban  area.  The  results  of  these  measurements  (raw  data) 
are  given  in  Section  2.3  in  graphical  form  as  a  function  of  the 
transmitter-receiver  separation.  Some  of  the  trends  observed  are: 

1)  the  maximum  range,  under  favorable  transmitter/receiver 
siting,  when  the  transmitted  power  is  in  the  order  of 

2  watts  (at  27  MHz  and  49.8  MHz)  to  10  watts  (at  446  MHz) 
is  about  5,000  ft  (~  1.5  Km)  in  both  urban  and  suburban 
areas ; 

2)  the  range  is  reduced  to  2000  ft  where  both  transmitter 
and  receiver  are  surrounded  by  very  high  buildings 

(>10  stories  high)  provided  the  transmitter  and  receiver 
are  not  too  close  to  the  buildings  (e.g.  middle  of  the 
street) ; 

3)  where  both  transmitter  and  receiver  are  surrounded  by 
high  buildings  and  both  are  on  the  sidewalk  close  to 
the  buildings,  the  range  is  as  low  as  500  ft;  and 

4)  when  the  transmit  location  is  moved  from  a  location 
close  to  a  building  to  the  middle  of  the  street,  the 
received  signal  level  increases  by  as  much  as  20  dB. 

The  street-co-building,  building-to-building,  and  intra¬ 
building  measurements  ,.we re  made  for  the  most  part  in  two  reinforced 
concrete  office  buildings  located  in  the  business  district  of 
Boston.  One  of  the  buildings  was  24  stories  high  while  the  other 
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was  5  stories  high.  Both  of  them  were  located  on  the  same  side 
of  the  street,  roughly  100  ft  apart.  A  floor  map  of  the  two 
buildings  is  given  in  Section  2.2.  In  addition,  some  of  the 
measurements  were  made  in  the  SIGNATRON  building  which  is  located 
in  Lexington,  MA.  The  outside  walls  of  this  building  are  made 
of  cinder  block  with  brick  veneer,  while  the  interior  consists  of 
a  wooden  frame  with  gypsum  walls. 

The  street-to-building  measurements  were  made  both  along 
a  floor  and  in  various  floors  (including  a  basement)  as  a  function 
of  elevation.  The  results  of  these  measurements  are  given  in 
Section  2.4  in  graphical  form  as  a  function  of  receiver  floor 
location  (for  one  set  of  measurements)  and  as  a  function  of 
distance  from  the  transmitter  (for  the  other).  Some  of  the  obser¬ 
vations  made  were: 

1)  the  received  signal  level  in  general  decreases  as  the 
floor  height  increases;  and 

2)  the  received  signal  decreases  as  the  location  inside 
the  building  is  farther  away  from  the  other  location 
outside  the  building. 

The  building-to-building  propagation  measurements  were  made 
with  the  receiver  located  in  a  fixed  location  in  one  building 
while  the  transmitter  position  was  varied  from  floor  to  floor  in 
the  other  building.  The  relative  positions  of  the  transmit  and 
receive  locations  are  shown  in  a  scaled  drawing  in  Section  2.2. 

The  results  of  the  measurements  are  given  graphically  in  Section  2.5 
as  a  function  of  the  difference  in  floor  levels  between /the  trans¬ 
mit  and  receive  locations.  The  measurements  exhibited  no  height 
dependance.  Reception  was  possible  only  when  the  transmitter  was 
located  near  a  window  and  no  reception  was  possible  when  the 
receiver  was  in  the  basement. 

The  intrabuilding  propagation  measurements  tested  for  the 
following  effects: 

a)  transmission  along  straight  and  winding  corridors; 

b)  transmission  between  above  ground  floors; 
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c)  transmission  between  a  basement  and  above-ground 
floors;  and 

d)  transmission  in  stairwells  and  elevator  shafts. 

The  results  of  these  measurements  are  given  in  Section  2.6  in 
graphical  form  as  a  function  of  distance  along  the  corridors 
and  the  number  of  floors  between  transmitter  and  receiver.  The 
height  of  each  floor  was  estimated  to  be  15  feet.  Some  of  the 
observations  made  are: 

a)  the  received  signal  in  corridors  drops  off  exponentially 
with  distance  indicating  waveguide  type  of  propagation; 

b)  in  the  transmissions  between  above-ground  floors, 
basement  to  above-ground  floors  and  in  stairwells, 
the  received  signal  decreases  as  the  nu  power  of 
the  number  of  floors  transmitted  through  (the  value 
of  n  varies  from  one  frequency  to  another  and  from 
one  type  of  transmission  to  another)  ; 

c)  in  the  transmissions  along  elevator  shafts,  the  received 
signal  decreases  exponentially  with  the  number  of 
floors  transmitted  through; 

d)  in  general,  for  transmission  through  a  fixed  number 

of  floors,  the  received  signal  is  stronger  in  a  stair¬ 
well  than  in  elevator  shafts  and  weakest  where  trans¬ 
mission  is  through  the  ceilings. 

In  addition  to  the  path  loss  measurements,  data  was  gathered 
to  determine  whether  diversity  reception  could  be  useful  or  not. 

The  data  was  obtained  simultaneously  and  consisted  of  the  received 
signal  levels  from  the  diversity  antennas  while  the  receiver 
remained  in  a  fixed  position.  Two  types  of  diversity  reception 
were  investigated: 

a)  field  diversity  at  27  MHz  and  49.8  MHz,  and 

b)  space  diversity  at  49.8  MHz  and  446  MHz. 
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The  field  diversity  measurements  were  made  using  a  standard 
whip  antenna  which  measures  the  electric  field  component  of  the 
received  signal,  and  a  multiturn  loop  antenna  which  measures  the 
magnetic  field  component  of  the  received  signal.  The  amount  of 
correlation  between  the  two  signals  determines  the  diversity  gain 

The  space  diversity  measurements  at  49.8  MHz  were  made  by 
correlating  the  received  signal  levels  at  locations  10  ft.  apart 
(.506A).  Similarly,  the  space  diversity  measurements  at  446  MHz 
were  made  by  correlating  the  received  signal  levels  at  distances 
of  1.6  7  ft  (  .  7  5  A )  and  3.3  ft  (1.5 A). 
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1 . 3  Summary  of  Section  3:  VHF  and  Lata  Analysis 

In  Section  3,  path  loss  and  cor.".- .r.ion  analysis  of  the 
data  are  presented.  The  path  loss  is  oo fined  as  the  average 
attenuation  introduced  by  the  propagat.tr.  (transmission)  medium 
independent  of  the  transmitted  power  -r.d  the  transmitting  and 
receiving  antenna  gains.  The  correlation  analysis  is  done  by 
determining  the  correlation  coefficient  (defined  in  Section  3.2) 
between  the  signals  measured  with  the  two  diversity  antennas 
(field  or  space  diversity)  . 

The  results  of  the  path  loss  analysis  are  given  in  graphical 
form  in  Sections  3.1.1  to  3.1.4  for  the  four  types  of  propagation 
conditions  described  earlier.  The  average  path  loss  for  the 
various  street-to-street  propagation  paths  tested  are  given  in 
Section  3.1.1.  In  general  the  path  loss  (attenuation)  increases 
with  frequency  for  all  locations  (paths)  tested.  The  difference 
between  the  path  loss  at  27  MHz  and  the  path  loss  at  49.3  MHz 
is  on  the  average  8  dB,  while  the  difference  in  path  loss  between 
49.8  MHz  and  446  MHz  is  on  the  average  4  dB .  Furthermore  the  path 
loss  for  the  various  urban  and  suburban  locations  (paths)  tested 
increases  with  distance  at  rates  ranging  from  20  dB/decade  to 
47  dB/decade.  The  average  rate  of  increase  of  the  path  loss  with 
distance  is,  however,  40  dB/decade  for  all  three  frequencies 
tested  as  shown  in  Fig.  1.3-1.  The  difference  in  the  average  path 
loss  between  a  medium  built-up  area  (suburban  Lexington)  and  a 
highly  built-up  are  (Boston)  ranges  from  2.5  dB  at  distances 
greater  than  1  Km  to  30  dB  at  distances  less  than  100  meters. 

These  trends,  and  others  discussed  in  Section  3.1.1,  were  used 
to  derive  a  path  loss  prediction  model  applicable  to  short 
distance  propagation  (up  to  2  Km)  between  low  elevation  antennas 
located  in  built-up  areas.  The  path  loss  prediction  model  is 
described  in  detail  in  Section  3.3  and  is  more  suitable  than 
other  models  previously  described  in  the  literature  for  the 
situation  just  described. 
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Measurements) 
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The  (average)  transmission  losses  for  the  street- to-building 
propagation  measurements  are  discussed  in  Section  3.1.2.  The 
effect  of  the  building  is  discussed  in  terms  of  the  building 
penetration  loss,  which  is  defined  as  the  difference  (in  dB) 
between  the  average  transmission  loss  and  the  free-space  loss 
for  a  transmitter  and  receiver  located  at  an  equal  distance  in 
free  space.  The  building  penetration  loss  in  general  decreases 
with  frequency.  However,  since  the  free-space  loss  increases  with 
frequency  (6  dB/octave) ,  the  average  street-to-building  trans¬ 
mission  loss  reaches  a  minimum  at  a  frequency  estimated  to  be 
around  50  MHz.  The  building  penetration  loss  varies  randomly 
from  f loor-to-f loor  so  that  no  height-gain  (decrease  in  the 
penetration  loss  as  the  receiver  floor  location  increases)  is 
observed.  More  specifically,  the  street-to-above-ground-f loor 
penetration  loss  for  a  concrete  wall  building  ranges  from  54  dB 
to  80  dB  at  27  MHz,  from  54  dB  to  68  dB  at  49.8  MHz,  and  from 
38  dB  to  48  dB  at  446  MHz.  The  street-to-basement  penetration 
loss  for  a  concrete  wall  building  is  67.5  dB  at  27  MHz,  58  dB 
at  49.8  MHz  and  52  dB  at  446  MHz.  For  a  building  with  outer 
cinder  block  walls  and  inside  gypsum  walls,  the  penetration  loss 
is  61  dB  at  27  MHz,  44  dB  to  48  dB  at  49.8  MHz,  and  40  dB  to 
58  dB  at  446  MHz. 

The (average)  transmission  losses  for  the  building-to- 
building  propagation  measurements  are  discussed  in  Section  3.1.3. 
The  effects  of  the  two  buildings  are  discussed  in  terms  of  the  two- 
building  penetration  loss  which  is  defined  as  the  difference 
(in  dB)  between  the  building-to-building  transmission  loss  and  the 
free-space  loss  for  a  transmitter  and  receiver  located  at  an 
equal  distance  in  free  space.  From  the  transmission  loss  analysis 
it  was  found  that  the  two-building  penetration  loss  exhibits  no 
height  dependance,  i.e.,  on  the  average  it  is  independent  of  the 
difference  in  floor  levels  at  the  transmitting  and  receiving 
ends.  The  two-building  penetration  loss  ranges  from  57.5  dB  to 
86  dB  at  27  MHz,  from  65  dB  to  77  dB  at  49.8  MHz,  and  from  58  dB 
to  64.5  dB  at  446  MHz. 
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The  (average)  transmission  losses  for  the  various 
intrabuilding  propagation  measurements  are  discussed  in 
Section  3.1.4.  The  transmission  loss  (in  dB)  along  corri¬ 
dors  varies  linearly  with  distance.  Its  rate  of  increase 
varies  with  the  dimensions  of  the  corridor,  whether  the 
corridor  is  straight  or  not,  and  with  frequency.  When 
the  corridor  is  straight,  the  transmission  loss  and  the 
rate  at  which  the  transmission  loss  increases  (with  distance) 
decrease  with  frequency.  However,  the  converse  is  true 
when  the  corridor  has  one  or  more  turns.  Table  1.1  sum¬ 
marizes  the  average  transmission  loss  at  a  distance  of  20 
meters  along  various  corridors  and  the  rate  of  increase  for 
longer  distances.  The  transmission  loss  (in  dB)  between 
above  ground  floors,  between  a  basement  and  above-ground 
floors,  and  in  stairwells  increases  linearly  with  the  log 
of  the  number  of  floors  transmitted  through.  The  trans¬ 
mission  loss  (in  dB)  along  elevator  shafts  increases 
linearly  with  the  number  of  floors  transmitted  through  at 
the  VHF  frequencies  and  linearly  with  the  log  of  the  number 
of  floors  transmitted  through  at  446  MHz.  Table  1.2  sum¬ 
marizes  the  average  loss  due  to  transmission  through  one 
floor  and  the  rate  of  increase  in  the  average  loss  due  to 
transmission  through  a  greater  number  of  floors  for  the 
various  cases  mentioned  above  at  the  three  test  frequencies. 

The  results  of  the  correlation  analysis  are  dis¬ 
cussed  in  Section  3.2.  The  envelope  (amplitude)  correlation 
coefficients  for  the  field  diversity  measurements  at  27  MHz 
and  49.8  MHz  are  summarized  in  Tables  3.2-1  through  3.2-4. 
They  vary  from  a  value  of  .14  (little  correlation)  to  .90 
(high  correlation)  from  one  set  of  measurements  at  27  MHz 
to  another.  At  49.8  MHz,  they  vary  from  .07  (no  correlation) 
to  .90  (high  correlation).  Similarly,  the  envelope  corre¬ 
lation  coefficients  for  the  space  diversity  measurements  are 
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Transmission  Losses  in  Intrabuilding  Propagation  Along  Corridors 


Transmission  Losses  in  Intrabuilding  Propagation  Between  Floors 
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summarized  in  Tables  3.2-5  through  3.2-11.  At  49.8  MHz, 
the  spatial  correlation  varies  from  .003  (uncorrelated)  to 
.72  for  a  separation  distance  between  antennas  of  3  meters. 

At  446  MHz,  the  spatial  correlation  varies  from  .10  to  .79 
for  a  separation  distance  between  antennas  of  50  cm  and  from 
.02  to  .71  for  antennas  100  cm  apart. 

The  diversity  gain  resulting  from  the  use  of 
field  or  spatial  diversity  is  usually  explained  in  terms 
of  a  decrease  in  the  outage  rate  (the  fraction  of  time  that 
the  received  signal  is  below  a  usable  level) .  However,  in 
the  case  of  street- to-street  propagation,  the  diversity 
gain  is  directly  related  to  an  increase  in  the  range  of  a 
fixed  output  power  transmitter.  Thus,  we  have  plotted  in 
Figure  1.3-2  the  increase  in  the  range  of  a  radio  which 
uses  dual  selection  diversity  (either  field  or  space)  as  a 
function  of  the  path  loss  rate  of  increase  with  distance 
and  for  various  values  of  the  'complex'  (amplitude  and  phase) 
correlation  coefficient  r  between  the  two  diversity  branches. 
When  the  signals  received  with  the  two  diversity  antennas 
are  Rayleigh  fading  (as  they  are  in  this  case) ,  the  ampli¬ 
tude  (envelope)  correlation  coefficients  are  approximately 
equal  to  the  square  of  the  complex  correlation  coefficient,  r. 
Keeping  this  in  mind,  it  can  be  seen  from  Figure  1.3-2  that  the 
use  of  field  diversity  at  VHF  and  space  diversity  at  VHF 
and  UHF  will  result  in  an  increase  in  the  range  of  the 
transmitter  by  at  least  a  factor  of  1.3  and  up  to  a  factor 
of  1.8  times  the  range  of  a  similar  system  which  does  not 
use  diversity,  when  the  path  loss  increases  at  a  rate  of 
40  dB/decade  (inverse  fourth  power  law) .  When  the  path 
loss  increases  at  a  lower  rate,  the  increase  in  range  can 
be  greater.  Measurements  by  other  workers  indicate  that 
the  higher  the  antenna  elevation  the  lower  the  rate  of 
increase  in  path  loss. 


1-15 


1.4 


In  Section  4,  we  discuss  a  series  of  topics  which 
are  related  to  the  MOBA/COBA  problem  but  which  are  indepen¬ 
dent  from  the  measurements  we  made.  In  Section  4 . 1  we  give 
a  summary  of  a  series  of  meetings  held  with  European  re¬ 
searchers  with  the  purpose  of  incorporating  their  findings 
into  the  MOBA/COBA  data  base.  Basically,  all  of  the  British 
German,  and  Swedish  researchers  that  we  talked  with  have 
conducted  experiments  with  similar  results  to  ours  showning 
that  the  received  signal  level  in  an  urban  environment 
follows  an  inverse  fourth  power  law,  i.e.,'the  path  loss 
increases  at  a  rate  of  12  dB/octave  or  40  dB/decade .  Most 
of  them,  also  agree  that  urban  radio  communications  can 
be  improved  by  using  diversity  reception  and  by  employing 
elevated  antennas.  In  addition,  the  German  scientists 
have  been  successfully  employing  active  antennas  in  di¬ 
versity  configurations. 

Section  4.2  summarizes  work  which  has  recently 
appeared  in  the  literature  and  which  is  related  to  the  MOBA/ 
COBA  problem.  Among  the  recently  published  work  are  the 
results  of-  propagation  measurements  made  in  British  cities 
by  a  group  of  British  workers  at  frequencies  in  the  VHF 
and  UHF  range  using  medium  elevation  antennas  (20  to  50 
meters) .  Their  measurements  exhibit  the  same  distance  de¬ 
pendence  as  ours  (inverse  fourth  power  law)  and  further 
reinforce  our  prediction  model.  In  addition,  we  also  re¬ 
port  on  some  man-made  (ignition)  noise  measurements  made 
by  the  same  group  of  workers.  The  other  work  reported  on 
deals  with  the  analysis  of  the  performance  of  a  two-branch 
equal-gain  combining  diversity  receiver  with  applications 
to  mobile  communications.  These  latter  results  are  com¬ 
pared  with  the  performance  calculations  we  have  done  for 
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a  two-branch  selection-diversity  receiver  and  which  we 
discuss  in  the  context  of  diversity  gain  in  Section  3.2.3. 

Finally,  in  Section  4.3  we  discuss  the  performance 
and  some  design  aspects  of  an  active  loop  antenna  for 
implementation  of  a  VHF  (30-80  MHz)  field  diversity  system. 
An  active  loop  antenna  offers  an  advantage  over  the  multi¬ 
turn  loop  (MTL)  antenna  originally  chosen  for  this  purpose, 
namely  that  an  active  antenna  can  be  designed  to  be  very 
broadband  (and  thus  require  no  tuning)  while  a  multiturn 
loop  antenna  is  inherently  very  narrowband  and  requires 
automatic  tuning.  The  automatic  tuning  makes  the  MTL 
extremely  bulky  and  heavy  for  use  with  manpack  radios. 

The  resulting  active  antenna  has  a  lower  profile  and  smaller 
size  and  weight  than  the  corresponding  passive  antenna. 
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^  ^  Summary  of  Section  5:  Conclusions  and  Recommendations 

The  following  conclusions  are  based  on  the  results 
of  our  propagation  research. 

1.  Communications  Range 

The  communications  range  in  an  urban  or  sub¬ 
urban  environment  is  limited.  If  both  the  transmitter  and 
receiver  are  located  on  a  sidewalk,  the  VHF  range  may  be 
less  than  500  feet  in  highly-built-up  areas  (average  building 
height  of  5  stories  or  more) ,  while  UHF  is.  unusable.  If 
both  the  transmitter  and  receiver  are  in  the  center  of 
the  street,  the  range  may  be  as  great  as  one  mile  for  both 
VHF  and  UHF .  The  urban  area  has  a  shorter  communications 
range  than  the  suburban  area.  For  a  given  transmitter 
power,  the  communication  range  can  be  extended  by  a  factor 
of  approximately  1.4  to  1.8  if  diversity  reception  is  used. 

2.  Communications  Between  and  Within  Buildings 

Communications  within  a  building  are  possible 
at  both  VHF  and  UHF,  with  the  communications  range  being 
dependent  on  the  corridor  structure,  building  material, 
and  number  of  floors  separating  the  transmitter  and  re¬ 
ceiver.  Communications  between  the  street  and  a  building 
are  possible  at  VHF  and  UHF,  although  the  attenuation 
increases  rapidly  at  UHF  when  one  terminal  moves  into  the 
interior  of  the  building.  Communications  between  two  adja¬ 
cent  buildings  is  not  possible  unless  one  terminal  is  near  a 

window.  Communications  inside  a  building  along  a  straight 
corridor  is  better  at  UHF  than  at  VHF,  but  the  converse 
is  true  when  the  corridor  has  turns.  Communications  be- 
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tween  floors  is  enhanced  at  both  VHF  and  UHF  if  within 
a  stairwell  or  near  an  elevator. 

3.-  Path  Loss  Prediction  Model 

When  low  elevation  antennas  are  used,  our 
experimental  data  indicate  that  the  path  loss  in  dB  can 
be  approximated  by  Eq.  (3.3-2): 


L  =  L  (d)  +  L_  ( f )  -  H  (h.  ,  f )  -  H  (h  ,  f )  (3.3-2) 

p  D  e  t  r  t 

+  Ku,s(f'd)  +  Lb(f) 


where  Lp  is  the  plane-earth  path  loss  for  2-meter  antenna 
height  and  separation  d;  LD(f)  is  a  frequency-dependent 
environmental  clutter  factor;  and  are  antenna 
height-gain  factors;  K  (f,d)  is  a  frequency  and  distance 

U  /  5 

dependent  urban/suburban  clutter  factor;  and  L^lf)  is  a 

frequency  dependent  building  penetration  loss,  applicable 

when  one  terminal  is  within  a  building  and  the  other  is 

in  the  street.  This  model  is  in  excellent  agreement  with 

that  of  Okumura  at  446  MHz,  but  shows  less  of  a  frequency 

dependence  than  his  at  VHF.  It  is  similar  to  the  Allsebrook 

and  Parsons  model,  but  more  complete  in  the  inclusion  of 

K  „  and  L,  . 
u ,  s  D 

4.  Propagation  Phenomenological  Model 


The  path  loss  measured  in  urban  and  suburban 
environments  showed  distance  relations  from  inverse  square- 
law  to  inverse  fourth-power  law.  The  inverse  square-law 
is  associated  with  a  single  predominant  diffraction  path, 
and  the  inverse  fourth-power  is  associated  with  (near) 
equal  strength  multiple  reflected  (or  diffracted^  signals. 
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The  single  diffraction  path  is  important  when  a  terminal 
is  located  on  the  sidewalk,  next  to  a  building;  however, 
the  diffraction  loss  may  be  so  great  that  the  received  sig¬ 
nal  is  unusable.  The  multiple-reflected  {or  diffracted) 
signal  case,  which  is  the  more  reliable  means  of  communi¬ 
cation,  requires  that  one  of  the  terminals  be  away  from 
the  building. 

5.  Selection  of  MOBA  Radio  Operating  Frequency 

The  measurements  show,  and  the  modeling  explains, 
that  communications  are  best  when  the  building  heights  are 
small  compared  to  a  wavelength.  This  implies  that  urban 
communications  would  be  better,  from  a  path-loss  point  of 
view,  at  HF  than  at  VHF .  It  further  implies  that  UHF 
should  not  be  considered  for  MOBA  use  by  the  Army  in  highly 
built-up  areas  as  it  requires  that  radio  operators  be  in 
exposed  positions.  However,  use  of  UHF  in  suburban  areas 
(average  building  height  of  two  stories  or  less)  may  be 
more  desirable  than  VHF  if  antenna  profile  (height)  is  a 
factor. 

6.  Fading  and  Correlation  Properties  of  the 

Received  Signal 

The  received  signal  has  been  shown  by  our 
measurements,  as  well  as  by  the  measurements  made  by 
numerous  other  researchers,  to  be  a  fading  signal.  Thus, 
improved  performance  can  best  be  achieved  by  diversity  re¬ 
ception.  Our  correlation  measurements  show  that  both 
field  diversity,  using  collocated  loop  and  whip  antennas, 
and  space  diversity,  using  two  whip  antennas  spaced  approxi¬ 
mately  one-half  wavelength  apart,  are  possible.  From  a 
practical  point  of  view,  only  the  field  diversity  approach 
is  feasible  for  a  manpack  VHF  radio. 
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7 .  Antenna  Developments 

Active  antennas  appear  to  have  significant 
application  to  military  radios.  First,  because  they  are 
broadband,  they  can  be  used  as  auxiliary  receiving  antennas 
in  diversity  receivers  without  requiring  additional  tuning 
sections.  Secondly,  because  they  are  physically  small,  they 
have  good  low-profile  capabilities.  Third,  because  they  are 
decoupled  from  their  environment  by  the  unilateral  transistors, 
they  do  not  require  ground  planes  and,  when  used  in  arrays, 
they  do  not  cross-couple.  An  active  loop  antenna  would  be 
a  practical  means  of  implementing  an  appliqud  for  a 
diversity  VHF  receiver. 

The  following  recommendations  are  based  on 
the  conclusions  of  this  study. 

1.  A  development  program  be  started  to 
build  and  test  a  VHF  diversity  receiver 
using  an  active  loop  antenna  as  the 
auxiliary  antenna. 

2.  A  research  program  be  started  to  de¬ 
termine  means  of  extending  the  range 
of  MOBA  radio  communications.  This 
should  include  both  consideration  of 
relay  techniques  and  the  use  of  other 
frequencies,  most  notably  HF. 

3.  Consideration  should  be  given  to  ex¬ 
ternally  deployed  antennas  for  use 
with  radios  in  the  interior  of  a 
building. 
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SECTION  2 


VHF  AND  L'HF  PROPAGATION  MEASUREMENTS 
IN  MOBA  ENVIRONMENTS 


2 . 0  Introduction 

In  this  section  we  present  the  results  of  propagation 
measurements  made  in  typical  MOBA  environments  at  three  fre¬ 
quencies:  27  MHz,  49.8  MHz,  and  446  MHz.  The  purpose  of  making 

these  measurements  was  to  determine  and  quantify  the  effects  of 
the  medium  (environment)  on  radio  communications  in  the  VHF  and 
UHF  bands.  The  types  of  propagation  media  selected  were  typical 
of  those  found  during  Military  Operations  in  Built-up  Areas 
(MOBA) .  Thus  we  obtained  measurements  of  received  signal  level 
in  a  highly  built-up  area  with  a  high  density  of  tail  buildings 
(urban  environments)  and  also  in  a  less  built-up  area  with  a 
higher  density  of  one  and  two  story  buildings  (suburban  environ¬ 
ments  ) .  From  these  measurements  we  are  then  able  tc  de¬ 
termine  the  path  loss  as  a  function  of  the  environment  as  well 
as  the  potential  for  improving  the  performance  of  a  radio 
communications  link  through  the  use  of  diversity.  The  potential 
for  performance  improvement  can  be  determined  from  measurements 
made  with  two  types  of  receiving  antennas  ~  a  whip  and  a  loop 
antenna  -  which  measure  different  components  of  the  received 
electromagnetic  field  (Field  Diversity) .  In  order  to  com¬ 
pletely  determine  the  effects  of  MOBA  environments,  measure¬ 
ments  of  the  received  signal  level  inside  buildings  were  also  made. 
Thus  the  type  of  measurements  made  and  described  in  this  section 
may  be  grouped  into:  street- to-street  propagation  measurements 
between  low  elevation  antennas;  street- to-building  transmission; 
building- to-building  transmission;  and  intrabuiiding  propagation 
measurements . 

The  choice  of  frequencies  was  dictated  by  frequency  allo¬ 
cation  and  the  availability  of  equipment  to  make  measurements. 
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in  these  bands.  Because  we  are  mostly  interested  in  quantifying 
the  effects  of  the  propagation  medium,  we  must  take  into  account 
the  effects  of  the  measuring  equipment  before  comparing  the 
measurements  at  the  various  frequencies.  Since  different  trans¬ 
ceivers  were  used  to  make  the  measurements  at  27  MHz,  49.8  MHz, 
and  446  MHz,  special  care  must  be  taken  to  determine  the  trans¬ 
mitted  power  and  antenna  gains  of  the  various  transceivers 
before  a  meaningful  comparison  of  the  measurements  can  be  made. 

Hence,  Section  2.1  discusses  the  equipment  used  in  making 
the  measurements.  The  types  of  measurements  made  and  the  sites  of 
the  measurements  are  described  in  Section  2.2.  The  measure¬ 
ments  of  received  signal  level  for  the  various  types  of  pro¬ 
pagation  conditions  are  given  in  Sections  2.3  to  2.6.  The 
trends  of  the  measurements  are  also  discussed  in  these  sub¬ 
sections  but  a  more  thorough  analysis  of  the  data  is  deferred 
to  Section  3.  Finally,  Section  2.7  summarizes  the  measurements 
and  preliminary  conclusions  reached  from  the  trends  exhibited 
by  the  data . 

2 . 1  The  Measuring  Equipment 

A  block  diagram  of  the  measuring  system  used  in  making 
the  propagation  measurements  is  shown  in  Figure  2.1-1.  A  cali¬ 
brated  detector  is  used  to  obtain  an  estimate  of  the  path  loss 
due  to  propagation  through  a  MOBA  environment  by  measuring  a 
DC  voltage  at  the  detector  output.  This  requires  knowledge 
of  the  transmitted  power  and  antenna  gains,  as  well  as  the 
receiver  plus  detector  input-output  characteristics.  Thus, 
in  this  section  we  discuss  the  pertinent  characteristics  of  the 
equipment  that  we  used  to  make  the  measurements  at  27  MHz, 

49.8  MHz,  and  446  MHz. 
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Set  up 


2.1.1  Transceiver  Characteristics 


The  primary  characteristics  of  the' transceivers  used  in 
the  measurements  are  shown  in  Table  2.1-1.  Two  of  the  radios  are 
FM,  and  one  is  AM.  The  AM  receiver  had  an  AGC  system  which, 
after  calibration,  was  used  as  the  received  signal  level  monitor. 
The  FM  radios  used  conventional  limiter/discriminator  receivers. 
Therefore  it  was  necessary  to  build  a  wide  dynamic  range  detector 
and  interface  it  at  a  low-level  point  in  the  FM  receivers  so  that 
the  dynamic  range  is  not  degraded  at  high  signal  levels.  The 
detector  circuit  is  described  in  Appendix  I. 

Figures  2.1-2  through  2.1-4  show  the  calibration  curves 
for  the  three  receivers.  This  measurement  is  from  the  input 
antenna  port  to  the  AGC  or  external  detector  output.  The  AGC 
covers  the  input  signal  range  of  -30  to  -110  dBm  without  switching 
while  the  external  detectors  used  in  the  FM  measurements  required 
a  switched  design  to  cover  a  sufficiently  wide  dynamic  range  for 
useful  measurements. 

All  of  the  transceivers  are  normally  operated  with  whip 
antennas.  The  Dyna-Com  and  PRC-77  use  short  whips  while  the 
Kenwood  used  a  quarter-wave  whip.  In  addition,  the  Dyna-Com 
and  PRC-77  have  50  ohm  antenna  input  connectors.  These  antenna 
ports  were  used  for  making  measurements  with  loop  antennas. 
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TABLE  2.1-1 

Transceiver  Characteristics 


Frequency  Range 
Modulation 
Output  Power 
Channel  Spacing 
IF  Bandwidth 
AGC  or  Limiter 
Sensitivity 

Receiver  Cali¬ 
brated  Measure¬ 
ment  Range 

Minimum  Detect¬ 
able  Signal 

Antennas 


Dyna-Com  40 

27  MHz  Band 
AM 

2.25  W 
10  KHz 
6  KHz 
AGC 

1  y  v  ( 10  dB 
SNR) 

-30  to  -110  dBm 

-110  dBm 

5'  Whip 

+50  fi External 


PRC-77 

30-80  MHz 
FM 

2.50  W 

50  KHz 

18  KHz 

Limiter 

.5  yv  (12  dB 
SNR) 

-30  to-100  dBm 

-105  dBm 

3 '  Whip 
+50  (2  External 


Kenwood 
TR- 8300 

445-450  MHz 
FM 

1  &  10  W* 

100  KHz 

20  KHz 

Limiter 

.5  yv  (20  dB 
SNR) 

-40  to  - 9  5  dBm 

-100  dBm 
A/4  Whip 


The  10W  output  power  setting  was  used  in  all  measurements 
except  for  the  intrabuilding  measurements  along  corridors. 


(Volts) 


Ppp(dBm) 


FIGURE  2.1-3 


AN/PRC-77  Receiver  Front  End  Plus  Detector 
Input-Output  Characteristics 
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2-1.2  Antenna  Radiation.  Characteristics 

The  gain  of  an  antenna  is  a  basic  property  which  has  a 
direct  bearing  in  the  path  loss  measurements.  Gain  is  closely 
associated  with  directivity,  which  in  turn  is  dependent  upon  the 
radiation  patterns  of  an  antenna. 

The  gain  is  usually  defined  as  the  ratio  of  the  maximum 
radiation  intensity  in  a  given  direction  to  the  maximum  radiation 
intensity  produced  in  the  same  direction  from  a  reference  antenna 
with  the  same  input  power.  The  reference  antenna  most  commonly 
used  is  the  isotropic  radiator  (i.e.,  a  hypothetical  lossless 
antenna  which  radiates  uniformly  in  all  directions) . 

For  antennas  that  have  no  internal  losses,  the  gain  is  the 
same  as  the  directivity.  In  general  the  gain  of  an  antenna  in 
dB  is  given  by 

G  =  n  +  D  (2-1) 

where  n  is  the  efficiency  factor  of  the  antenna  in  dB  and  is 
equal  to  0  if  the  antenna  is  lossless  and  D  is  the  directivity 
of  the  antenna  in  dB.  However,  while  directivity  can  be  computed 
from  either  theoretical  considerations  or  from  measured  radiation 
patterns,  the  gain  of  an  antenna  is  almost  always  determined  by 
a  direct  comparison  measurement  against  a  standard-gain  antenna. 
The  gain  of  an  antenna  relative  to  the  gain  of  the  standard 
antenna  in  dB  may  be  expressed  as 


where  GQ  is  the  absolute  gain  of  the  standard  antenna  in  dB  (as 
defined  by  Eq.  2-1)  and  y  is  the  gain  of  the  antenna  in  question 
in  dB  relative  to  the  reference  antenna.  Thus,  the  absolute 
gain,  G,  of  an  antenna  can  be  obtained  from  a  direct  measurement 
of  y  and  knowledge  of  Gq. 

The  gains  of  Eqs.  (2-1)  and  (2-2)  do  not  account  for  losses 
due  to  impedance  mismatch  between  the  radio  and  the  antenna.  Thus, 
it  is  convenient  to  define  the  effective  or  operational  gain  of 
an  antenna  system  as 


Geff  -  G  -  M  (2-3) 

where  M  is  the  mismatch  loss  in  dB ,  G  is  the  gain  of  the  antenna 
as  defined  by  Eq.  (2-1)  or  (2-2) ,  and  Gg^^  is  the  effective  gain 
of  the  antenna  system  in  dB. 

The  gains  of  the  antennas  used  in  the  three  systems  under 
consideration  would  ideally  have  to  be  determined  experimentally! 
Furthermore,  the  measurement  of  the  antenna  gains  would  have  to 
be  made  under  conditions  similar  to  those  found  while  making 
the  measurements.  In  particular,  effects  due  to  the  proximity 
of  the  operator  and  other  equipment  would  have  to  be  included. 
Clearly,  this  is  not  a  simple  task  and  is  beyond  the  scope  of  this 
work.  Hence,  we  have  used  engineering  judgment  to  estimate  the 
gains  of  the  various  antennas  from  other  available  measurements. 

The  characteristics  of  the  antenna  systems  that  were  used 
to  make  the  measurements  at  27  MHz,  49.8  MHz,  and  446  MHz  are 
summarized  in  Table  2.1-2.  The  gains  of  the  whip  antenna  systems 
have  been  determined  by  estimating  the  efficiency  of  the  system 
relative  to  a  quarter-wave  monopole  antenna  (Gq  =  5.15  dB)  using 
the  measurements  of  Krupka  [1968]  as  a  guideline.  The  efficiency 
estimates,  matching  losses  and  gains  of  each  antenna  system,  are 
summarized  in  Table  2.1-3.  The  5-turn  loop  antenna  system 
used  at  27  MHz  was  designed  and  built  (see  Appendix  II)  by 
SIGNATBON  while  the  3-turn  loop  antenna  used  at  49.8  MHz 
was  designed  and  built  by  Ohio  State  University  for  the 
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Table  2.1-2  VHF/UHF  Antenna  Systems  Characteristics 
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Table  2.1-3  Effective  Antenna  Gains 


U.S.  Army  Electronics  Command  (ECOM)  at  Ft.  Monmouth  under 
contract  DAAB07-74-C-0593  [Bohley,  1976].  The  gains  of  these 
loop  antenna  systems  have  been  determined  from  a  comparison 
of  the  data  taken  with  a  receiving  loop  antenna  and  that 
taken  with  a  receiving  whip  antenna.  The  range  in  gains  of 
the  loop  antennas  were  due  to  variations  in  the  tuning  fre¬ 
quency  of  the  loop  antenna  caused  by  capacitive  coupling 
between  the  antenna,  operator,  and  other  equipment.  The 
frequency  response  of  the  27  MHz  and  49.8  MHz  loop  antenna 
systems  are  shown  in  Figures  2.1-5  and  2.1-6,  respectively. 
Capacitive  coupling  between  the  loop  antennas  and  nearby 
objects  tends  to  shift  the  tuning  frequency,  resulting 
in  additional  tuning  losses.  A  more  thorough  description 
of  the  multiturn  loop  antenna  and  its  design  for  the  appli¬ 
cation  at  hand  is  given  in  Appendix  II. 

2 . 2  Propagation  Measurements:  Choice  of  Locations 

The  propagation  measurements  made  can  be  separated  into 
two  types:  path  or  transmission  loss  measurements  and  di¬ 
versity  (or  correlation)  measurements. 

2.2.1  Path  or  Transmission  Loss  Measurement  Sites 

The  transmission  loss  measurements  were  designed  to  in¬ 
vestigate  the  following  effects:  (a)  street-to-street  propagation 
losses  using  low  elevation  antennas;  (b)  street- to-building  pene¬ 
tration  losses;  (c)  building-to-building  transmission  losses;  and 
(d)  intrabuilding  propagation  losses. 

The  street-to-street  propagation  measurements  between 
low  elevation  antennas  (5'  high  above  local  ground)  were  made 
in  two  areas:  Lexington  Center  and  the  business  district  of 
Boston.  Lexington  Center  is  typical  of  a  suburban  town  and 
consists  of  two  blocks  of  two  and  three  story  high  brick 
buildings,  while  the  rest  of  the  area  consists  of  one  and  two 
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story  high  wood  frame  private  homes  flanked  by  trees.  A 
street  map  of  Lexington  Center  is  shown  in  Figure  2.2-1  indi¬ 
cating  the  transmit  locations,  Ti  and,T2,  and  the  various  re¬ 
ceive  positions.  As  indicated  in  the  map,  two  sets  of  measure¬ 
ments  were  made:  one  set  in  which  the  transmit  and  various 
receive  locations  were  on  the  same  street  (Waltham  Street) , 
and  the  other  set  in  which  the  transmit  location  was  on 
Massachusetts  Avenue  while  the  various  receive  locations  were 
on  Waltham  Street.  By  making  these  two  sets  of  measurements  we 
were  able  to  determine  the  difference  in  path  losses  between 
along-street  and  off-street  transmitter-receiver  orientation. 

The  business  district  of  Boston  is  typical  of  a  highly 
built-up  urban  area.  It  consists  of  5  to  30  story  high  re¬ 
inforced  concrete  buildings  spanning  an  area  8  city  blocks  long 
by  8  city  blocks  wide.  A  street  map  of  the  area  indicating  the 
transmit  locations  and  various  receive  locations  is  shown  in 
Figure  2.2-2.  Three  sets  of  measurements  were  made  in  the 
Boston  business  district:  one  in  which  the  transmit  and  re¬ 
ceive  locations  were  on  Congress  Street;  another  in  which  the 
transmit  location  was  at  the  intersection  of  Cambridge  Street 
and  New  Sudbury  Street  and  the  receive  locations  were  on  Congress 
Street;  and  a  third  set  in  which  the  transmit  location  was  on 
Summer  Street  and  the  receive  locations  were  on  various  streets 
near  Summer  Street.  A  detailed  picture  of  the  three  transmit 
locations  and  the  various  receive  locations  for  the  three 
sets  of  measurements  is  presented  in  Figure  2.2-3.  In  par¬ 
ticular,  note  that  the  third  set  of  measurements  was  made 
from  two  different  transmit  locations  on  Summer  Street.  Lo¬ 
cation  3  was  used  for  the  measurements  at  27  MHz  and  446  MHz 
while  location  3a  was  used  for  the  measurements  at  49.8  MHz. 

The  Congress  Street  and  Cambridge  Street  transmit  locations 
were  in  a  fairly  open,  vide  street  area  although  the  neigh¬ 
boring  buildings  (Government  Center)  were  high  structures. 

On  the  other  hand,  the  Summer  Street  transmit  location  was  on 
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a  narrow  city  street  surrounded  by  high  density  high  rises. 

From  these  sets  of  measurements,  it  was  possible  to  reach  some 
conclusions  about  street  orientation  and  building  proximity 
effects  in  urban  areas. 

The  intrabuilding,  building-to-buil Jing  and  street-to- 
building  propagation  measurements  were  made  in  two  reinforced 
concrete  office  buildings  located  in  the  business  district  of 
Boston.  The  two  buildings  are  adjacent  to  each  other  on  the 
same  side  of  the  street  (New  Sudbury  Street) .  One  of  the 
buildings  is  5  stories  high  and  has  a  garage-basement;  the 
other  building  is  a  24  story  office  high  rise.  Some  of  the 
street- to-building  and  intrabuilding  measurements  were  repeated 
inside  the  one  story  SIGNATRON  building  located  in  Lexington, 

MA.  The  outside  walls  of  this  one  story  building  are  made  of 
cinder  block  with  brick  veneer,  while  the  interior  consists 
of  a  wooden  frame  with  gypsum  walls. 

The  street-to-building  propagation  measurements  were  made 
along  a  floor  as  a  function  of  distance  from  the  transmitter  and 
in  various  floors  as  a  function  of  elevation.  The  measurements 
along  a  floor  were  made  in  the  SIGNATRON  cinder  block  building 
while  the  measurements  as  a  function  of  elevation  were  made 
in  the  reinforced  concrete  office  building. 

The  building-to-building  propagation  measurements  were 
made  between  the  two  reinforced  concrete  office  buildings  on 
New  Sudbury  Street  as  a  function  of  elevation.  The  receiver  was 
placed  at  two  different  fixed  positions  on  the  third  floor  of 
the  5  story  building  (low-rise) .  The  transmitter  was  placed 
near  a  window  on  each  floor  of  the  24  story  building  (high-rise) . 
A  scaled  (100  ft. /in.)  floor  map  of  the  two  adjoining  buildings 
is  shown  in  Figure  2.2-4  indicating  the  relative  positions  of 
the  transmit  site  (at  every  floor)  and  the  two  receive  sites, 

Ri  and  R2  on  the  third  floor. 
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The  intrabuilding  propagation  measurements  gathered  data 
for  the  following  effects:  (a)  propagation  losses  along  straight 
and  winding  corridors;  (b)  transmission  losses  between  above¬ 
ground  floors;  (c)  transmission  losses  between  a  basement  and 
above-ground  floors;  and  (d)  transmission  losses  along  elevator 
shafts  and  stairwells.  All  of  these  measurements  were  made  in 
the  concrete-wall  building  (low-rise) .  In  addition,  the  pro¬ 
pagation  measurements  along  corridors  were  repeated  in  the 
suburban  building  with  wooden  frame  and  gypsum  walls. 

2.2.2  Diversity  Measurements 

In  addition  to  the  non-diversity  measurements,  data 
to  determine  whether  MOBA  diversity  reception  would  be  practical 
was  gathered.  The  data  obtained  consisted  of  the  received  sig¬ 
nal  levels  from  diversity  antennas  relative  to  the  normal  re¬ 
ceiver  antenna.  Two  types  of  diversity  reception  were  investi¬ 
gated:  (a)  field  diversity  at  27  MHz  and  49.8  MHz;  and  (b)  space 

diversity  at  49.8  MHz  and  446  MHz. 

The  field  diversity  measurements  were  made  using  two 
collocated  vertically  polarized  antennas:  one  was  a  standard 
whip  antenna  which  couples  to  the  electric  field  component  of 
the  received  signal,  and  the  other  was  a  multiturn  loop  antenna 
which  couples  to  the  magnetic  field  component.  Since  both  antennas 
had  equal  polarizations  but  coupled  to  different  components  of 
the  received  electromagnetic  field,  we  can  obtain  an  estimate 
of  the  electric  and  magnetic  field  (de) -correlation  after  pro¬ 
pagation  in  a  built-up  area  from  the  ensemble  correlation  of  the 
two  antenna  measurements. 

The  space  diversity  measurements  at  49.8  MHz  were  made 
by  correlating  the  measured  received  signal  levels  at  locations 
10  feet  apart  (.506  X).  Similarly,  the  space  diversity  measure¬ 
ments  at  446  MHz  were  made  by  correlating  the  received  signal 
levels  at  distances  of  1.67  feet  (.75  X)  and  3.3  feet  (1.5  X). 
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Street-to-Street  Propagation  Measurements 


2.3.1  Urban  Path  Loss  Measurements  • 

The  street-to-street  propagation  measurements  made  in 
Boston  are  shown  in  Figures  2.3-1  to  2.3-9.  Figures  2.3-1 
to  2.3-3  show  the  received  signal  level  in  dBm  as  a  function 
of  transmitter-to-receiver  distance  for  the  case  in  which  the 
transmit  and  receive  locations  were  on  Congress  Street.  The 
'circles'  represent  the  data  taken  with  a  receive  whip  antenna 
while  the  'exes'  represent  the  data  taken  with  a  receive  loop 
antenna.  The  solid  line  and  the  dashed  line  are  'the  best  fits' 
(median  received  signal  levels)  to  the  data  taken  with  the  whip 
and  loop  antennas,  respectively.  The  standard  deviations  away 
from  the  median  are  shown  in  parenthesis  in  the  legend.  Figures 
2.3-4  to  2.3-6  show  the  equivalent  data  for  the  case  in  which 
the  transmit  location  was  at  Cambridge  and  New  Sudbury  Street 
and  the  receive  locations  were  on  Congress  Street.  The  data  for 
the  case  in  which  the  transmit  location  was  on  Summer  Street 
and  the  receive  locations  were  on  various  different  streets  are 
shown  in  Figures  2.3-7  to  2.3-9. 

From  the  slopes  of  the  'best  fit'  lines  we  can  determine 
the  distance  dependence  (and  attenuation  rate)  of  the  received 
signal  level.  The  assumed  linear  distance  dependence  of  the 
received  signal  in  dBm  implies  that  the  received  signal  level, 
Pr»  varies  as:  Pr~kd  n  where  k  is  a  proportionality  constant 
(which  depends  on  the  transmitted  power  and  antenna  gains) ,  d  is 
the  distance  and  n  is  the  slope  of  the  'best  fit  line'  divided 
by  10.  We  see  from  the  urban  data  at  27  MHz  that 

f  4.69  Along  street  path  1 
@  27  MHz  n=  <  4.0  NLOS  path  2* 
l,  2.0  3  NLOS  path  3*. 

Similarly,  from  the  data  at  49.8  MHz  and  446  MHz,  we  have 
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FIGURE  2.3-4  Received  Signal  Level  vs.  Distant: 

of  Sight  Urban  Rath  (Transmitter 
and  Mew  Sudbury  Sts.,  BosLon,  MA) 
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FIGURE  2.3-8  Received  Signal  Level  vs.  Distance  for  a  Non-Line-of- 
Sight  Urban  Path  (Transmitter  on  Summer  St.,  Boston, 
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Of  the  nine  sets  of  measurements,  seven  exhibited 
approximately  inverse  fourth  power  law  (nl4.)  distance  dependence 
independent  of  the  frequency.  This  implies  that  the  propagation 
mechanism  is  similar  to  that  of  plane-earth  propagation.  Of 
the  seven  sets,  six  correspond  to  the  cases  in  which  the  trans¬ 
mit  site  was  either  at  the  Congress  Street  -  New  Sudbury 
Street  intersection  (Figures  2.3-1  to  2.3-3)  or  Cambridge 
Street  -  New  Sudbury  Street  intersection  (Figures  2.3-4  to 

2.3- 6).  Both  of  these  locations  are  fairly  open  areas  with 
no  high  structures  within  50  feet  to  the  front  or  side  of 
the  transmitter.  The  remaining  set  of  measurements  with  near 
inverse  fourth  power  law  distance  dependence  is  the  set  of 
measurements  at  49.8  MHz  from  a  transmit  location  on  Summer 
Street  (Figure  2.3-8),  which  is  a  narrow  street  with  medium 
tall  structures  (3  to  6  stories  high)  on  both  sides  of  it. 

The  two  sets  of  measurements  which  exhibit  approximately 
inverse  square  law  (nl2.)  distance  dependence  were  also  made 
from  a  transmit  location  on  Summer  Street  at  27  MHz  (Figure 

2.3- 7)  and  446  MHz  (Figure  2.3-9).  The  difference  between 
these  two  sets  of  measurements  and  the  set  of  measurements 

at  49.8  MHz  is  that  the  latter  were  made  with  the  transmitter 
on  the  sidewalk  while  the  other  two  (27  MHz  and  446  MHz)  were 
made  with  the  transmitter  on  the  middle  of  the  street. 

The  significance  of  the  distance  dependence  versus 
transmitter  location  is  interpreted  as  follows:  typically, 
energy  will  propagate  (in  a  built-up  area)  from  transmitter 
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to  receiver  via  diffraction  over  and  around  buildings  and 
scattering  and/or  reflection  from  buildings.  When  the  pre¬ 
dominant  mode  of  propagation  is  diffraction  over  buildings,  the 
median  received  signal  will  exhibit  near  inverse  square  law 
distance  dependence,  if  there  is  only  just  one  predominant 
diffraction  path.  On  the  other  hand,  when  energy  propagates 
via  reflection  and  diffraction  around  buildings  (or  there  are 
many  significant  paths  after  diffraction  over  buildings)  there 
tend  to  be  more  than  one  significant  path,  which,  when  adding 
out  of  phase,  result  in  a  near-inverse  fourth  power  law  distance 
dependence.  Hence,  we  conclude  that  in  the  case  of  the  . 

49.8  MHz  measurements  with  the  transmitter  on  the  sidewalk, 
energy  most  likely  propagated  via  reflection  and  diffration 
around  buildings  (guided  street  propagation) .  On  the  other 
hand,  in  the  case  of  the  27  MHz  and  446  MHz  measurements  with 
the  transmitter  on  the  middle  of  the  street,  energy  propagated 
predominantly  along  a  single  path  over  the  adjacent  buildings. 
Furthermore,  two  of  the  data  points  at  27  MHz  (Figure  2.3-7) 
were  taken  with  the  transmitter  located  on  the  sidewalk  (rather 
than  the  middle  of  the  street) .  The  measured  received  signal 
level  in  this  instance  was  20  dB  lower  than  the  signal  level 
measured  with  the  transmitter  on  the  middle  of  the  street  and 
25  dB  below  the  expected  median.  This  measurement  illustrates 
the  gain  one  might  expect  when  moving  away  from  a  building 
towards  a  more  open  area.  Much  of  our  data  was,  in  fact, 
obtained  with  the  receiver  in  the  middle  of  the  street  because 
the  received  signal  level  was  not  measurable  on  the  sidewalk 
close  to  the  building. 

Aside  from  the  propagation  law,  we  can  also  determine 
the  maximum  transmission  range  for  1-10  Watt  transmissions  at 
VHF  and  UHF  from  Figures  2.3-1  to  2.3-9.  We  see  that  when 
the  transmitter  is  in  a  relatively  open  area  (Figures  2.3-1 
to  2.3-6),  even  though  the  receiver  might  not  be,  the  maximum 
transmission  range  is  5,000  feet  independent  of  -the  frequency. 


On  the  other  hai  ,  when  both  transmitter  and  receiver  are 
surrounded  by  hiyh  structures,  the  maximum  range  is  1,000  - 
2,000  feet  depending  on  how  close  the  transmitter  and  receiver 
are  to  the  nearby  structures. 

In  conclusion,  these  measurements  indicate  that  the 
urban  attenuation  rate  between  low  elevation  antennas  is  approx¬ 
imately  40  dB  per  decade  (independent  of  frequency)  whenever 
there  are  no  obstacles  higher  than  a  few  wavelengths  within  a 
few  wavelengths  of  the  transmit  site  and  20  dB  per  decade  if  the 
opposite  is  true.  The  diffraction  loss  associated  with  the 
20  dB  decade  transmission  may,  however,  be  significant. 

The  frequency  dependence  of  the  net  path  loss  of  the 
urban  propagation  measurements  cannot  be  determined  until  the 
antenna  gains  and  transmitted  power  are  subtracted  out.  Thus 
we  postpone  discussing  them  as  well  as  the  E-H  field  correlation 
until  the  next  section. 

2.3.2  Suburban  Path  Loss  Measurements 

The  suburban  street-to-street  propagation  measurements 
made  in  Lexington  are  shown  in  Figures  2.3-10  to  2.3-15.  The 
received  signal  level  in  dBm  as  -a  function  of  distance  for  the 
case  in  which  the  transmit  location  was  at  the  intersection  of 
Massachusetts  Avenue  and  Waltham  Street  is  shown  in  Figures 
2.3-10  to  2.3-12.  Again,  the  circles  represent  the  data  ob¬ 
tained  with  a  whip  receive  antenna  while  the  "exes"  represent 
the  data  obtained  with  a  loop  receive  antenna.  The  sold  and 
dashed  lines  are  'the  best  fits'  to  the  data  taken  with  the 
whip  and  loop  antennas,  respectively.  The  standard  deviations 
of  the  data  from  their  median  levels  (solid  and  dashed  lines) 
are  shown  in  the  legend.  Similarly,  the  equivalent  data  ob¬ 
tained  when  the  transmit  location  was  on  Massachusetts  Avenue 
and  the  various  receive  locations  were  on  Waltham  Street  are 
shown  in  Figures  2.3-13  to  2.3-15. 
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MGURk  2,3  11  Received  Signal  Level  vs.  Distance  Along  Suburban 
Street  (Waltham  St.,  Lexington,  MA) 
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The  distance  dependence  (propagation  lav;)  of  the  sub¬ 
urban  measuements  can  be  determined  from  the  slopes  of  the 
best  fit  lines  to  the  data  (median  received  signal  levels) .  We 
see  that  if  a  Pr  ~kd  n  type  of  distance  dependence  is  assumed 
for  the  median  received  signal  level,  then  we  find  from  Figures 
2.3-10  to  2.3-15  that 
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dependence  which  corresponds  to  a  plane-earth  type  of  propagation 
mechanism.  The  remaining  set  of  measurements  at  446  MHz  exhibited 
a  near  inverse  square  law  type  of  distance  dependence  which  in¬ 
dicated  that  the  probable  propagation  mechanism  was  a  diffraction 
plus  free-space  type  of  propagation.  This  is  not  surprising 
since  the  transmitter  was  positioned  on  the  sidewalk  with  a  two 
story  high  brick  building  directly  in  front,  along  a  straight 
line  connecting  the  transmit  and  receive  locations.  At  27  MHz 
(A=llm=36  ft)  and  49.8  MHz  (A=6m=19.2  ft),  the  height  of  the 
building  (30  ~  40  ft)  is  in  the  order  of  the  wavelength,  A,  so 
that  for  all  practical  purposes  the  building  does  not  represent 
an  obstacle  capable  of  diffracting  the  radiated  signal.  However 
at  446  MHz  ( X=7m=2 . 3  ft)  the  building  is  many  wavelengths  high 
so  that  it  does  represent  a  diffracting  obstacle. 


We  can  then  conclude  that  the  suburban  attenuation  rate 
between  low  elevation  antennas  is  also  around  40  dB  per  decade 
when  no  obstacles  larger  than  the  wavelength  are  in  the  imme¬ 
diate  vicinity  of  the  transmit  site  and  20  dB  per  decade  when 
the  converse  is  true. 
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We  can  also  see  from  Figures  2.3-10  to  2.3-15  that  the 
range  of  the  radios  in  a  suburban  area  was  5,000  feet  independent 
of  the  transmit  location  or  frequency.  This  maximum  range  is 
similar  to  that  measured  in  an  urban  area  (3oston)  with  tne 
transmitter  located  in  an  open  (no  obstacles  'within  50  feet) 
area. 

The  measurements  of  Figures  2.3-1  to  2.3-15  represent 
samples  at  isolated  receiving  sites  and  provide  us  with  suffi¬ 
cient  information  to  determine  the  average  path  loss  as  a 
function  of  distance  for  the  various  test  frequencies.  How¬ 
ever,  they  do  not  give  any  information  about  the  short  scale 
distance  dependence  (distances  in  the  order,  of  a  few  wave¬ 
lengths)  of  the  received  signal  level.  This  type  of  infor¬ 
mation  is  important  because  it  gives  an  indication  of  the 
changes  in  received  signal  level  that  one  might  expect  by 
moving  a  few  feet.  Thus,  in  order  to  obtain  this  information, 
we  repeated  the  suburban  path  loss  measurements  but  this  time 
we  mounted  the  receive  antenna  on  a  car  and  recorded  the  re¬ 
ceived  signal  level  on  a  portable  Gould  strip  chart  recorder. 

The  transmit  and  receive  radios  were  the  AN/PRC-77  radios  pre¬ 
viously  described  equipped  with  3  foot  whip  antennas.  The  re¬ 
cordings  were  made  at  two  frequencies:  30  MHz  and  49.3  MHz  and 
are  shown  in  Figures  2.3-16  and  2.3-17.  Figure  2.3-15  shows 
the  recorded  received  signal  level  as  a  function  of  distance 
for  the  case  in  which  the  transmitter  and  receiving  mobile 
unit  were  both  on  Waltham  Street  while  Figure  2.3-17  shows  the 
same  information  for  the  case  in  which  the  transmit  location 
was  on  Massachusetts  Avenue  and  the  mobile  moved  along  Waltham 
Street.  The  actual  distance  was  estimated  by  placing  identifying 
marks  on  the  recordings. 

From  these  recordings,  we  can  see  that  the  received 
signal  exhibits  extreme  variations  in  amplitude.  Fade  depths 
varying  from  a  few  dB  to  in  excess  of  20  dB  below  the  mean  sia- 
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FIGURE  2.3-17  Received  Signal  Level  vs.  Distance  Along  Suburban 
Street  when  Transmit  Site  is  on  Different  Street 
(  (t)  on  Mass.  Ave .  ,  (R)  on  Waltham  St.  ,  Lexington 


nal  level  are  seen,  with  successive  minima  occurring  approxi¬ 
mately  every  wavelength  of  the  carrier  frequency  (X=33  ft  at 
30  MHz,  A  =  20  ft  at  50  MHz) .  Fading  is  observed  even  when  both 
transmitter  and  receiver  are  located  on  the  same  street  (Figure 

2.3- 16)  and  the  fade  depths  are  actually  seen  to  be  greater  in 
this  case  than  in  the  case  of  no  clear  line-of-sight  path  between 
transmitter  and  receiver  (Figure  2.3-17).  This  is  not  as  sur¬ 
prising  as  it  may  seem  because  the  greatest  fades  are  observed 
when  two  equal  strength  signals  (at  the  same  frequency)  combine 
out  of  phase  to  form  a  null  (minimum) .  This  is  more  likely  to 
occur  when  both  transmitter  and  receiver  are  on  the  same  street. 
From  these  observations,  we  then  conclude  that  changes  in  re¬ 
ceived  signal  levels  as  high  as  20  dB  may  be  achieved  by  moving 
to  a  location  of  a  half-wavelength  (20  feet  at  50  MHz)  away. 

If  we  compare  the  mean  received  signal  level  observed 
from  the  strip  chart  recordings  (Figure  2.3-16)  at  a  distance  of 
2,200  feet  from  the  transmitter,  we  can  see  that  the  mean  re¬ 
ceived  signal  level  is  about  10  dB  stronger  than  that  obtained 
from  the  isolated  point  measurements  of  Figures  2.3-10  and 

2.3- 11.  This  difference  is  probably  due  to  the  higher  gain 
(+5  dB)  of  a  car  mounted  whip  antenna  (monopole)  than  that  of 
a  whip  antenna  placed  in  close  proximity  to  a  human  operator 
(-4  to  -5  dB) . 

2 . 4  Street- to-Building  Propagation  Measurements 

The  street-to-building  measurements  can  be  grouped  into 
two  categories:  received  signal  level  measurements  as  a  function 
of  receiver  height  (floor  level)  relative  to  the  transmitter 
and  received  signal  level  measurements  as  a  function  of  distance 
(inside  the  building)  from  a  fixed  transmitter. 

The  measurements  of  received  signaJ  level  as  a  function 
of  receiver  height  (floor  level)  are  shown  in  Figures  2.4-1  to 

2.4- 3.  The  transmitter  was  located  outside  the  building  a  few 
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feet  away  from  the  building.  The  received  signal  level  was 
measured  on  different  floors  inside  the  building,  including  a 
basement  garage  (B)  ,  the  ground  floor  (G),  and  four  additional 
floors  above  ground.  Piece-wise  best  fit  curves  to  the  data 
measured  with  the  whip  (solid  line)  and  loop  (dashed  line)  an¬ 
tennas  are  also  shown  in  the  figures,  along  with  the  standard 
deviation  of  the  data  from  the  best  fit  curves  (shown  in  the 
legend) .  The  piece-wise  best  fit  to  the  data  assumes  an  ex¬ 
ponential  dependence  of  received  power  with  height,  i.e., 

—  ccjl 

Pr  ~  ke  ,  where  h  is  the  receiver  height  relative  to  the 
transmitter  in  floor  units.  This  type  of  dependence  was  found 
to  be  more  appropriate  than  a  power  dependence,  i.e.,  ~  k'h_n 

since  the  standard  deviation  of  the  data  was  smaller  in  the 
former  case.  From  these  measurements  we  can  see  that  there  is 
no  height  gain  effect  but  rather  the  received  signal  level  de¬ 
creases  as  the  receiver  height  is  increased.  This  is  somewhat 
misleading  though  because  the  higher  the  receiver  is,  the 
longer  the  path  the  signal  has  to  travel.  Thus,  in  order  to 
determine  if  a  height  gain  effect  is  observed,  we  must  subtract 
the  effects  of  propagation  path  length  (i.e.,  the  free-space 
path  loss).  We  postpone  this  discussion,  though,  to  Section  3. 

The  measurements  of  received  signal  inside  the  building 
as  a  function  of  distance  from  the  transmitter  are  shown  in 
Figures  2.4-4  to  2.4-6.  The  transmitter  and  receiver  were 
both  located  at  the  same  level  (ground  level)  during  these 
measurements.  In  the  case  of  the  measurements  at  49.8  MHz  and 
446  MHz,  the  transmit  site  was  156  feet  and  140  feet  away  from 
the  building,  respectively.  The  reason  for  placing  the  trans¬ 
mitter  at  such  a  distance  was  so  that  the  received  signal  level 
everywhere  within  the  building  could  be  within  the  dynamic 
range  of  the  receive  system.  The  receive  system  for  the  measure¬ 
ments  at  27  MHz  had  a  greater  dynamic  range,  though,  so  that 
the  transmit  site  was  only  one  foot  away  from  the  building. 
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A  'best-fit'  curve  to  the  data  is  also  shown  in 
Figures  2.4-4  to  2.4-6,  with  the  standard  deviation  indicated 
in  the  legend.  The  best  fit  curves  assume  a  power  law  type  of 
distance  dependence,  i.e.,  Pr  -  kd~  where  d  is  the  distance 
from  transmitter  to  receiver  and  n  is  the  power  law  dependence. 
This  type  of  distance  dependence  was  found  to  have  a  lower 
standard  deviation  than  an  exponential  type  of  distance  de- 
pendence  (i.e.,  -  ke  )  at  all  three  frequencies.  The 

power  law  dependence  for  the  three  measurement  frecruencies  are: 

r  1.89  @27  MHz 

n  =  /  4.03  @49.8  MHz 

10.6  @  446  MHz. 

Thus,  we  can  see  that  at  27  MHz,  the  received  signal  exhibited 
near  inverse  square  lav/  distance  dependence  while  at  49.8  MHz 
it  exhibited  near  inverse  fourth  power  law  dependence.  The 
reason  for  this  difference  may  be  explained  as  follows.  The 
fourth  power  law  dependence  at  49.8  MHz  indicates  that  the  re¬ 
ceived  signal  was  composed  of  two  or  more  signals  which  travelled 
along  different  ray  paths.  One  was  possibly  a  direct  ray  which 
penetrated  the  various  walls  inside  the  building  and  the  other 
was  a  ground  reflected  ray  (prior  to  incidence  upon  the  outside 
wall  of  the  building)  which  also  penetrated  the  various  walls 
and  interfered  with  the  other  ray  to  form  an  inverse  fourth 
power  law  distance  dependence  typical  to  plane  earth  type  of 
propagation.  The  presence  of  a  direct  and  a  ground  reflected 
ray  was  made  possible  by  the  fact  that  the  distance  of  the  trans¬ 
mit  site  from  the  outside  wall  of  the  building  was  more  than 
half  the  total  distance  from  transmitter  to  receiver  (a  ground 
reflection  occurs  approximately  half  way  between  transmitter 
and  receiver  if  both  are  at  roughly  the  same  height  above  the 
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ground) .  This  was  not  the  case  for  the  27  MHz  measurements 
so  that  only  a  direct  ray  was  present  in  the  latter  measure¬ 
ments  resulting  in  an  inverse  square  law  distance  dependence. 

Both  of  these  measurements  also  indicate  that  the  cumulative 
effect  of  the  walls  insxde  the  building  (gypsum  walls)  was 
minimal  compared  to  the  attenuation  due  to  partial  reflection 
from  and  transmission  through  the  outside  wall  (cinder  block  and 
brick  veneer) .  On  the  other  hand,  the  measurements  at  446  MHz 
exhibit  an  inverse  tenth  power  law  distance  dependence.  This 
indicates  that  the  walls  inside  the  building  introduced  additiona 
losses  comparable  to  those  due  to  the  outside  wall.  Since  the 
farther  away  the  receive  site  inside  the  building  was  the  more 
walls  the  signal  had  to  penetrate,  then  the  received  signal  had 
to  exhibit  a  mere  pronounced  distance  dependence.  The  reason 
why  the  gypsum  walls  are  lossier  at  higher  frequencies  is  that 
their  thickness  (5  in.  =  12.7  cm)  is  in  the  order  of  the  wave¬ 
length  at  446  MHz  (a  =  70  cm)  but  are  negligibly  thin  at  27  MHz 
(a  =  11  m)  and  49.8  MHz  (,\  =  6  m)  .  In  conclusion,  these  measure¬ 
ments  indicate  that  the  received  signal  level  in  street-to- 
building  transmission  increases  the  farther  the  receive  site  (or 
transmit)  is  inside  the  building.  The  attenuation  rate  is  fre¬ 
quency  dependent. 

In  addition  to  the  isolated  point  measurements,  strip 
chart  recordings  of  the  received  signal  level  at  30  MHz,  49.8  MHz 
and  446  MHz  were  also  made  inside  the  building  along  a  corridor 
and  inside  an  office  with  no  windows.  The  transmit  site  was 
approximately  40  feet  away  from  the  building  and  the  office  and 
corridor  were  approximately  40  to  50  feet  further  away.  These 
measurements  are  shown  in  Figure  2.4-7  as  a  function  cf  the 
approximate  distance  covered  along  the  corridor  and  inside  the 
office.  The  received  signal  is  seen  to  fade  in  a  manner  similar 
to  signals  recorded  outdoors  which  indicates  the  presence  of 
multipath.  The  distance  between  nulls  (fades)  is  in  the  order  of 
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IGURE  2.4-7  Received  Signal  Level  Inside  Building  from  a 

Transmitter  Located  Approximately  80  Feet  Away 


a  wavelength  and  the  depth  of  the  fades  is  as  great  as  20  dB. 
This  indicates  that  the  difference  in  received  signal  levels 
between  two  locations  a  few  feet  apart  inside  a  building  can 
be  as  great  as  20  dB . 

2 . 5  Building-to-Building  Propagation  Measurements 

The  measurements  of  received  signal  level  for  trans¬ 
missions  between  two  adjacent  concrete  buildings  are  shown  in 
Figures  2.5-1  to  2.5-6.  The  measurements  of  Figures  2.5-1 
to  2.5-3  correspond  to  a  situation  in  which  the  receive  site 
was  located  on  the  third  floor  of  a  5  story  building,  in  an  ample 
lobby  at  the  end  of  the  building  closest  to  the  adjacent  high- 
rise  building  as  shown  in  Figure  2.1-9  (Ri)..  The  transmit  site 
in  the  high-rise  building  was  varied  from  floor  to  floor  but 
was  always  at  the  same  horizontal  position  relative  to  the 
receive  site  (as  indicated  by  T  in  Figure  2.1-9).  The  data 
is  shown  in  Figures  2.5-1  to  2.5-3  as  a  function  of  the 
difference  in  floor  levels  between  the  transmit  and  receive 
sites.  In  addition,  best  fit  curves  to  the  data  are  shown  where 
the  height  dependence  was  assumed  to  be  of  the  form  -  kh 
where  h  is  the  relative  height  in  floor  units  and  n  is  the  power 
law  dependence.  This  type  of  best  fit  was  found  to  have  a 
lower  standard  deviation  (and  thus  deemed  more  appropriate)  than 
an  exponential  type  of  best  fit  (i.e.,  Pr~k'e  a^)  .  The  median 
values  of  the  data  (best  fit)  is  seen  to  exhibit  little  height 
dependence  with  the  received  signal  level  having  a  higher  value 
at  lower  values  of  relative  height  (especially  at  446  MHz) . 

This  height  dependence  is  misleading  though  as  the  path  lengths 
for  the  smaller  height  differentials  are  shorter.  Thus  in  order 
to  determine  the  'true'  height  dependence  we  must  subtract  the 
path  length  dependence  (free-space  loss).  This  type  of  analysis 
is  deferred  to  Section  3 . 

The  same  type  of  measurements  for  a  second  receive 
site  (R2  in  Figure  2.1-9)  located  in  another  lobby  on  the  third 
floor  at  the  end  farthest  away  from  the  high  rise  are  shown  in 
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Received  Signal  Level  as  a  Function  of  Transmitter 
Height  Relative  to  Receive  Site  Floor  Level  in 
Building-to-Building  Transmission  (Receive  Site 
in  Rear  of  Building) 


Figures  2.5-4  to  2.5-6.  The  'best  fit'  curve  to  the  data 
exhibits  almost  no  height  dependence  again  except  for  the 
measurements  at  27  MHz.  In  this  case,  the  median  received  sig¬ 
nal  levels  for  the  smaller  values  of  height  differential  are 
seen  to  be  lower  indicating  some  sort  of  height  gain  as  the 
transmitter  height  is  increased.  This  effect  is  not  observed 
though  in  the  measurements  at  49.8  MHz  and  446  MHz.  Further¬ 
more,  the  median  received  signal  levels  in  site  R2  are  lower 
than  those  in  site  Ri  at,;  49.8  MHz  and  446  MHz  as  one  might 
expect  but  are  considerably  higher  at  27  MHz  (by  about  10-20  dB)  . 

A  possible  reason  for  this  discrepancy  is  as  follows.  The  receive 
site  Ri  at  49.8  MHz  and  446  MHz  was  actually  20  feet  closer  to  a 
window  than  the  receive  site  Ri  at  27  MHz.  The  proximity  to  the 
window  (which  does  not  face  the  high-rise  but  rather  the  other  way 
though)  and  the  fact  that  20  feet  is  in  the  order  of  a  half¬ 
wavelength  (i.e.,  received  site  could  have  been  in  a  shadow 
region)  at  27  MHz  might  account  for  the  rather  low  received 
signal  levels  measured  at  27  MHz.  Thus  we  conclude  that  building- 
to-building  transmission  losses  exhibit  little  height  dependence 
and  the  attenuation  is  strictly  determined  by  the  type  of  building 
structure. 

2 . 6  Intrabuilding  Propagation  Measurements 

The  intrabuilding  measurements  can  be  grouped  into  four 
categories:  1)  transmission  along  straight  and  winding  corridors; 

2)  transmission  between  above-ground  floors;  3)  transmission 
between  a  garage  basement  and  above-ground  floors;  and  4)  trans¬ 
mission  along  elevator  shafts  and  stairwells. 

2.6.1  Propagation  Measurements  Along  Corridors 

The  measurements  of  received  signal  levels  for  trans¬ 
mission  along  various  types  of  corridors  are  shown  in  Figures 
2.6-1  to  2.6-4.  Best  fit  curves  to  the  measurements  are  also 

shown  along  with  the  standard  deviation  (in  dB's)  of  the  data 
from  the  best  fit  curves  (median  levels) .  The  measurements  of 


2-64 


FIGURE  2.6-1  Received  Signal  Level  vs.  Distance  Covered  Along 
Corridor  in  Intrabuilding  Transmission 


FIGURE  2.6-3  Received  Signal  Level  vs.  Distance  Covered  Along 
Corridor  in  Intrabuilding  Transmission 
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Figures  2.6-1  to  2.6-3  were  made  in  t'.  orridors  whose  width 
was  approximately  8  feet  and  the  heigh  of  the  ceiling  was  approx¬ 
imately  12  feet.  The  walls  along  the  corridor  were  made  of  cinder 
block  covered  with  plaster.  One  of  the  corridors  (A)  was  straight 
with  a  total  length  of  approximately  300  feet  and  with  a  few 
doors  (4-5)  along  its  length.  The  second  corridor  (3)  was  a 
winding  one  of  approximate  length  of  220  feet.  The  'line  of 
sight'  section  of  this  corridor  was  approximately  30  feet  long, 
and  the  additional  straight  sections  measured  approximately 
110  feet,  40  feet,  and  40  feet,  respectively. 

The  distance  dependence  of  the  median  levels  of  the 

measured  data  at  27  MHz,  49.8  MHz,  and  446  MHz  for  the  two 

--'d 

corridors  is  exponential,  i.e.,  P^.  ~  ke  ~  where  d  is  the  distance 
covered  along  the  corridor.  This  type  of  distance  dependence 
was  found  to  have  a  smaller  standard  deviation  than  a  power  law 
distance  dependence.  The  exponential  type  of  distance  dependence 
is  both  characteristic  and  indicative  of  a  waveguide  type  of  pro¬ 
pagation.  Furthermore,  the  attenuation  rates  in  d3  per  100  ft 
(slope  =  4.3  a)  at  the  three  frequencies  for  the  two  corridors 
are  : 


@  27  MHz 

@  49.8  MHz 

3  446  MHz 


4.3  a 

4.3  a 

4.3  a 


( 

( 
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20.8  dB/100  ft, 
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Thus  we  can  see  that  the  attenuation  rate  (slope  of  the  best  fit 
curves)  is  somewhat  dependent  on  the  frequency  and  geometry.  For 
the  straight  corridor  it  is  in  the  order  of  20  dB  per  100  ft  at 
lower  VHF  (30-80  MHz)  and  16  dB  per  100  ft  at  UHF  (44.6  MHz).  The 
reason  for  the  higher  attenuation  rate  at  VHF  is  possibly  the  fact 
cross-sectional  dimensions  are  in  the  order  of  a  half-wavelength 
in  the  low  VHF  frequency  range  but  much  greater  than  the  wave- 


length  in  the  UHF  range.  The  attenuation  rate  for  the  wind!  ncr 
corridor  is  a  few  dB  greater  and  varies  from  25  dE/100  ft  at 
27  MHz  to  30  dB/100  ft  at  446  MHz.  The  higher  attenuation  rate 
is  due  to  losses  at  each  turn  in  the  corridor.  The  excess  less 
rate  due  to  the  turns  increases  with  frequency  from  4  dB/100  ft 
at  27  ITIz  to  8.6  dB/100  ft  at  49.3  MHz  and  to  14.5  dB/100  ft 
at  446  MKz.  This  is  not  surprising  since  the  sane  oher.cmena 
is  observed  in  waveguide  and  tunnel  propagation. 

In  addition  to  the  dimensions  of  the  corridor,  the 
material  composition  of  the  walls  plays  an  important  role  in 
determining  the  total  attenuation  (and  possibly  the  attenuation 
rate) .  This  nay  be  seen  by  comparing  the  median  received  sig¬ 
nal  levels  in  a  corridor  with  cinder  block  wall  and  steel  oirded 
ceilings  (Figure  2.6-1)  with  similar  measurements  made  at 
27  MHz  in  two  corridors  (straight)  where  the  walls  •.•.•ere  m.ade  up 
of  gypsum  and  the  ceiling  was  suspended  tile  (Figure  2.6-4), 

We  can  see  that  at  a  distance  of  60  feet  the  median  received 
signal  level  in  a  corridor  with  gypsum  walls  is  between  20  and 
40  dB  lower  than  the  received  signal  level  at  an  equal  distance 
in  a  corridor  with  cinder  block  walls.  This  is  probably  due  no 
the  lower  conductivity  of  gypsum  compared  to  cinder  block  which 
results  in  much  higher  losses  at  each  wall  reflection.  From 
Figure  2.6-4  we  can  also  see  that  the  best  fit  curves  to  the 
data  exhibit  a  power  lav/  distance  dependence  rather  than  ex¬ 
ponential.  However,  at  distances  greater  than  40  feet,  the  best 
fit  curve  is  very  nearly  a  straight  line  so  that  at  distances 
greater  than  40  feet,  the  median  received  signal  level  xs  ex¬ 
ponentially  decaying  while  at  distances  less  than  40  feet  .about 
one  wavelength  at  27  MHz) ,  it  is  better  approximated  by  2  power 
law  type  of  dependence. 

In  conclusion,  intrabuilding  propagation  along  corridors 
exhibits  a  waveguide  type  of  propagation  behavior  whose  attenuation 
rate  is  dependent  on  the  dimensions  and  material  composition  or 
the  walls  and  which  decreases  with  frequency  for  straig.nt  corri¬ 
dors.  The  excess  attenuation  rate  due  to  turns  in  the  corridors 
increases  with  frequency,  though. 
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2.6.2 


Transmission  Measurements  Between  Above-Ground  Floors 


Measurements  of  received  signal  level  for  transmission 
between  various  floors  in  a  high  rise  building  are  shown  in 
Figures  2.6-5  to  2.6-7  as  a  function  of  the  number  of  floors 
between  the  transmit  and  receive  locations.  The  measurements 
show  a  general  trend  towards  a  decrease  in  che  strength  of  the 
received  signal  as  the  number  of  floors  that  the  signal  must 
penetrate  increases.  The  best  fit  curves  to  the  average  received 
signal  levels  are  also  shown  in  these  figures.  The  curves 
exhibit  a  power  law  dependence  on  the  number  of  floors 
penetrated  by  the  signal,  i.e.,  ~  kh  n,  where  h  is  an  integer 

denoting  the  number  of  floors  penetrated  by  the  signal.  This 
type  of  dependence  was  found  to  have  a  lower  standard  deviation 
than  an  exponential  dependence  on  the  number  of  floors  pene¬ 
trated  . 

From  the  best  fit  curves  we  can  see  that  the  attenuation 
rates  in  dB  per  decade  (10  n)  at  the  three  frequencies  are: 

r  51.3  dB/decade  at  27  MHz 
10  n  =  <  25.5  dB/decade  at  49.8  MHz 

L  30.2  dB/decade  at  446  MHz. 

Thus  we  see  that  the  attenuation  rate  first  decreases  with  fre¬ 
quency  and  then  it  increases.  This  may  be  explained  as  follows: 
at  27  MHz  the  distance  between  floors  (~15  ft)  is  in  the  order 
of  a  half-wavelength  (A  '  36  ft  at  27  MHz)  which  results  in  high 
attenuation  due  to  destructive  interference  set  up  by  reflections 
at  each  ceiling.  As  the  frequency  increases  the  wavelength 
becomes  small  compared  with  the  distance  between  floors  so  that 
the  reflections  at  each  ceiling  are  not  totally  out  of  phase 
as  in  the  half-wavelength  case  resulting  in  a  much  lower 
attenuation  rate.  As  the  frequency  increases  further,  the 
ceiling  thickness  (1  ~  2  ft)  becomes  comparable  to  the  wavelength 
(X  -  2.3  ft  at  446  MHz)  resulting  in  additional  reflections  which 
further  attenuate  the  signal.  Thus  at  frequencies  in  the  UHF 
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IGURE  2.6-7  Received  Signal  Level  in  Floor  to  Floor  Transmission 
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range  the  attenuation  rate  begins  to  increase  with  frequency. 

Some  of  the  attenuation  is  due  to  the  path  length 
itself  while  the  rest  is  due  to  the  presence  of  the  building 
structure.  We  defer  discussing  the  net  loss  due  to  the 
floor  penetration  to  Section  3. 


Q 
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2.6.3  Transmission  Measurements  Between  Above-Ground 

Floors  and  Basement 

Measurements  of  received  signal  level  for  transmissions 
between  various  floors  and  the  garage  basement  of  a  five  story 
concrete  building  are  shown  in  Figures  2.6-8  to  2.6-10  as  a 
function  of  the  number  of  floors  between  the  transmit  and  re¬ 
ceive  sites.  In  addition,  best  fit  curves  are  shown.  These  curves 
indicate  that  the  median  received  signal  level  decreases  as  a  power 
of  the  number  of  floors  penetrated  by  the  signal  (i.e.,  P^.  ~  kh  n 
where  h  is  the  number  of  floors  and  n  is  the  power)  in  the  VHF 

_ .ccfo 

range  and  exponentially  (i.e.,  -  k'e  )  in  the  UHF  range. 

The  attenuation  rates  in  dB/decade  (10  n)  for  the 
VHF  frequencies  are: 

(  56  dB/decade  at  27  MHz 

^  n  ^44.5  dB/decade  at  49.3  MHz 


These  attenuation  rates  are  somewhat  larger  than  the  attenuation 
rates  obtained  from  the  transmission  measurements  between  above¬ 
ground  floors.  However,  they  are  consistent  in  that  the  attenu¬ 
ation  rate  decreases  with  frequency  in  the  VHF  range. 


The  exponential  dependence  of  the  median  received 
signal  level  at  446  MHz  is  not  necessarily  inconsistent  with  the 
dependence  obtained  from  measurements  of  received  signal  level 
at  the  same  frequency  in  the  transmissions  between  above  ground 
floors.  The  reason  is  that  a  power  law  dependence  approaches 
an  exponential  dependence  as  the  power  law  (n)  increases  and 
the  incremental  distance  (values  of  h)  decreases.  Thus, 
if  it  had  been  possible  to  obtain  measurements ' of  transmissions 
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FIGURE  2.6-10  Received  Signal  Level  in  Above-Ground-Floor  to 
Basement  Transmission 
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to  the  basement  through  a  greater  number  of  floors,  it  is  con¬ 
ceivable  that  a  power  law  dependence  rather  than  an  exponential 
dependence  at  446  MHz  would  have  been  more  appropriate.  As  it 
is,  a  sub-optimum  (greater  standard  deviation)  power  law  best 
fit  to  the  measurements  of  Figure  2.6-10  yields  an  attenuation 
rate  of  50  dB/decade  at  446  MHz  which  is  consistent  with  the 
trends  exhibited  by  the  transmission  between  above-ground  floors. 
The  actual  attenuation  rate  at  446  14Hz  (for  the  optimum  exponential 
dependence)  is  9.19  dB/floor  (i.e.,  4.3  a  =  9.19). 

A  comparison  of  the  attenuation  rates  for  transmissions 
between  above  ground  floors  and  for  transmissions  from  above 
ground  floors  to  a  basement  (or  vice  versa)  indicates  that  the 
latter  have  a  20  dB/decade  higher  attenuation  rate  at  49.8  MHz 
and  446  MHz.  The  increase  in  attenuation  rate  at  27  MHz  is 
5  dB/decade.  The  reason  for  a  lower  increase  in  attenuation 
rate  at  27  MHz  is  probably  due  to  the  fact  that  the  basement 
ceiling  was  about  30  feet  high  which  is  in  the  order  of  the 
wavelength  (rather  than  the  half-wavelength  height  for  the 
above  ground  floors)  so  that  one  would  expect  an  attenuation 
rate  in  the  same  order  as  that  for  49.8  MHz  since  the  room 
dimensions  are  greater  than  a  half-wavelength  in  both  cases. 


2-6.4  Transmission  Measurements  Inside  a  Stairwell  and 

Along  Elevator  Shafts 


Measurements  of  received  signal  level  inside  a  stair¬ 
well  and  along  the  elevator  shafts  of  a  24  story  high  rise 
building  are  shown  in  Figures  2.6-11  to  2.6-14  as  a  function  of 
the  number  of  floors  between  the  transmit  and  receive  sites. 

The  dimensions  of  the  stairwell  were  about  8  feet  by  16  feet 
while  those  of  the  elevator  shafts  were  approximately  6  feet  by 
6  feet.  In  the  case  of  the  transmissions  in  a  stairwell,  both 
transmitter  and  receiver  were  located  in  the  stairwell.  How¬ 
ever,  in  the  case  of  the  transmissions  along  the  elevator  shafts 
(there  were  3  of  them) ,  both  transmitter  and  receiver  were  lo¬ 
cated  in  front  of  the  elevator  shaft  doors ,  about  3  to  5  feet 
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FIGURE  2.6-11  Received  Signal  Level  for  Transmissions 
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away.  In  some  instances  the  measurements  might  have  been  made 
with  the  elevator  box  cars  blocking  all  three  shafts  while  in 
some  other  instances  one  or  more  of  the  elevator  box  cars  may 
have  been  above  the  transmitter  and  receiver,  allowing  a  clear  path. 

In  order  to  determine  the  dependence  of  the  received 
signal  level  on  the  length  of  the  stairwell  and  the  elevator 
shafts,  best  fit  curves  with  their  respective  standard  deviations 
are  also  shown  in  Figures  2.6-11  to  2.6-14.  In  the  case  of  the 
measurements  inside  the  stairwell,  the  median  of  the  received 
signal  (best  fit  curve)  exhibits  a  power  law  distance  dependence 
at  all  three  frequencies  (each  floor  was  approximately  15  feet 
high)  ,  i.e.,  ~  kh  n  where  h  is  the  distance  expressed  in 

terms  of  the  floor  height  units  and  n  is  the  power  law  de¬ 
pendence.  The  attenuation  rates  in  dB/decade  (10  n)  are: 


10  n  = 


60  dB/decade  at  27  MHz 

27.5  dB/decade  at  49.3  MHz 

38  dB/decade  at  446  MHz. 


It  can  be  seen  that  the  attenuation  rate  exhibits  the  same 
frequency  dependence  as  in  the  f loor-to-f loor  transmissions, 
i.e.,  it  decreases  with  frequency  until  the  wavelength  becomes 
comparable  with  the  thickness  of  the  staircase  steps  in  which 
case  it  increases  with  frequency.  Although  the  total  attenuation 
is  lower  in  the  stairwell  transmission  than  in  the  floor-to- 
floor  transmissions  (at  least  initially  when  there  are  only  a 
few  floors  between  transmitter  and  receiver) ,  the  fact  that  the 
attenuation  rates  are  higher  indicates  that  eventually  as  the 
distance  (number  of  floors)  becomes  large  enough,  the  attenuation 
will  be  higher  in  a  stairwell.  This  is  probably  due  to  the  fact 
that  the  stairwell  dimensions  (cross-section)  are  smaller  than 
the  room  dimensions  in  the  f loor-to-f loor  transmissions. 

In  the  case  of  the  measurements  along  elevator  shafts, 
the  median  of  the  received  signal  (best  fit  curves)  exhibited 
an  exponential  distance  dependence,  i.e.,  ?r  ~  k'e  where  h  is 
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the  distance  in  floor  height  units  for  the  transmissions  at  27  MHz 
and  49.8  MHz,  and  a  power  law  dependence  for  the  transmissions 
at  446  MHz.  The  reason  for  the  difference  in  distance  dependence 
between  the  VHF  and  UHF  transmissions  is  probably  due  to  the 
fact  that  at  50  MHz  and  below  the  dimensions  of  the  elevator 
shafts  are  smaller  than  a  half-wavelength  resulting  in  a  wave¬ 
guide  type  of  propagation  at  frequencies  below  cut-off,  while  at 
UHF  the  dimensions  of  the  elevator  shaft  are  much  greater  than 
the  wavelength  resulting  in  a  much  lower  attenuation  rate.  The 
attenuation  rates  at  VHF  in  dB/floor  (4.3  a)  are: 

(  3.4  dB/floor  at  27  MHz 

4.3  a  =  c 

l.  4.3  dB/floor  _  at  49.8  MHz 

while  the  attenuation  rate  at  446  MHz  is  52.6  dB/decaae  (i.e., 

10  n  =  52.6) .  If  we  express  the  attenuation  rate  at  446  MHz  in 
dB/floor  it  would  be  approximately  equal  to  2.61  dB/floor  which 
is  lower  than  at  the  two  VHF  frequencies. 

It  should  be  noted  though  that  although  the  attenuation- 
rates  for  the  transmissions  inside  stairwells  and  along  elevator 
shafts  are  higher  than  in  floor- to-floor  transmissions,  the  total 
attenuations  measured  for  distances  up  to  20  floors  high  are 
lowest  inside  stairwells  and  highest  for  floor- to-floor  trans¬ 
missions.  The  reason  is  that  at  shorter  distances  (transmissions 
through  a  few  floors)  there  are  fewer  obstacles  inside  a  stair¬ 
well  or  elevator  shaft  than  in  a  f loor-to-f loor  transmission 
(which  must  penetrate  through  the  ceiling)  resulting  in  a  lower 
attenuation.  However,  as  the  distance  (number  of  floors) 
increases,  the  stairwell,  elevator  shaft,  and  room  dimensions 
begin  to  play  a  more  important  role  resulting  in  higher  attenu¬ 
ation  rates  for  those  transmission  media  where  the  dimensions 
are  in  the  order  or  smaller  than  the  wavelength.  This  effect 
does  not  become  crucial  though  until  the  transmission  distance 
exceeds  20  floors. 
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Summary 


Summarizing  the  results  presented  in  this  section, 
propagation  measurements  were  made  at  27  MHz,  49.8  MHZ,  and 
446  MHz.  The  data  consists  of  measurements  of  received  signal 
level  obtained  with  two  co-located  vertically  polarized  receive 
antenna  systems:  one  a  whip  receive  antenna  (at  27  MHz,  49.8  MHz, 
and  446  MHz)  and  the  other  a  loop  antenna  system  (at  27  MHz  and 
49.8  MHz).  The  whip  antenna  couples  to  the  electric  field  com¬ 
ponent  of  the  received  signal  while  the  loop  antenna  couples  to 
the  magentic  field  component  of  the  received  signal.  Estimates 
of  the  field  decorrelation  can  thus  be  obtained  from  the 
ensemble  correlation  of  the  data  collected  with  the  two  receive 
antenna  systems. 

The  measurements  can  be  grouped  into  four  types  of 
propagation  measurements:  street-to-street  propagation  measure¬ 
ments  between  low  elevation  antennas;  street-to-building  trans¬ 
mission  measurements;  building- to-building  transmission  measure¬ 
ments;  and  intrabuilding  propagation  measurements. 

The  street-to-street  propagation  measurements  were 
made  in  two  areas:  a  highly  built-up  area  (urban)  and  a  medium 
built-up  area  (suburban).  A  summary  of  the  'best  fit'  to  the 
data  taken  along  the  three  urban  and  two  suburban  paths  is 
given  in  Table  2.7-1.  In  addition,  the  measurements  in  the 
rban  and  suburban  areas  exhibited  the  following  trends: 

•  Both  urban  and  suburban  propagation  exhibit  around 
40  dB/decade  attenuation  rate  (inverse  fourth 
power  law  type  of  propagation)  when  there  are  no 
large  (relative  to  the  wavelength)  diffracting 
obstacles  within  a  few  wavelengths  of  the  fixed 
station  (be  it  transmitter  or  receiver) .  A 
building  is  considered  to  be  a  diffracting  ob¬ 
stacle  if  it'  is  more  than  a  few  wavelengths 
high.  At  lower  VHF  this  means  a  building  higher 
than  40  feet  (3  stories)  while  at  UHF  it  means 
a  building  higher  than  4  ~  6  ft  (1  story) . 


2-8  6 


mm 


nmm.9 


TABLE  2.7-1 

Best  Fit  Characteristics  of  Urban  and  Suburban  Street-to-Street  Propagation 
Data  as  a  Function  of  Transmitter-Receiver  Separation,  d 


0 


When  a  diffracting  obstacle  is  within  a  few  wave-  ■ 
lengths  of  the  fixed  station,  the  attenuation 
rate  is  around  20  dB/decade  (inverse  square  law 
type  of  propagation) . 

•  The  measured  maximum  ranges  that  can  be  attained 
in  built-up  areas  with  a  2  watt  transmitter  are: 

1)  Five  thousand  feet  at  frequencies  from  27  MHz 
to  446  MHz  in  both  urban  and  suburban  areas 
when  either  transmitter  or  receiver  or  both 
are  not  surrounded  by  tall  structures. 

2)  When  both  transmitter  and  receiver  are 
located  among  high  buildings,  the  observed 
ranges  were:  5,000  feet  at  27  MHz  if  either 
‘or  both  the  transmitter  and  receiver  are 
located  in  the  middle  of  the  street  and 

500  feet  to  1,000  feet  if  both  are  located 
on  the  sidewalk  (i.e.,  close  to  a  building); 
900  to  1,000  feet  at  49.8  MHz  when  both 
transmitter  and  receiver  are  located  on 
the  sidewalk  next  to  a  building;  and 
3,000  feet  at  446  MHz  when  either  trans¬ 
mitter  or  receiver  are  located  in  the 
middle  of  the  street.  No  useful  data 
were  obtained  for  the  case  in  which  both 
transmitter  and  receiver  were  both  on 
the  sidewalk. 

•  At  distances  within  the  range  of  the  transmitter, 
signal  level  variations  (fades)  as  large  as  20  dB 
were  observed  to  occur  periodically  at  distances 
in  the  order  of  the  wavelength  (that  is  33  feet 
at  27  MHz,  20  feet  at  50  MHz,  and  2.3  feet  at 
446  MHz) . 
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The  street- to-building  transmission  measurements  were 
made  as  a  function  of  receiver  height  inside  the  building  and 
as  a  function  of  distance  (inside  the  building)  from  the  trans¬ 
mitter.  A  summary  of  the  characteristics  of  the  'best  fit' 
curves  to  the  data  taken  along  a  floor  is  given  in  Table  2.7-2. 

In  addition,  the  measurements  exhibited  the  following  trends: 

•  No  height  gain  was  observed  in  the  data  taken 
in  various  floors  of  the  building. 

•  The  attenuation  rate  (as  a  function  of  the  dis¬ 
tance  inside  the  building)  is  frequency  dependent 
and  varies  according  to  the  type  of  structure. 

Gypsum  walls  are  not  lossy  a't  VHF  but  are  con¬ 
siderably  lossy  at  UHF .  In  the  UHF  frequency 
range  the  attenuation  rate  is  around  100  dB/ 
decade.  Reinforced  concrete  walls  are  con¬ 
siderably  lossier  than  gypsum  walls. 

The  building- to-building  transmission  measurements 
were  made  between  two  adjacent  reinforced  concrete  office  type 
buildings  as  a  function  of  location  inside  the  building  (hori¬ 
zontal  and  vertical).  The  following  observations  were  made: 

•  Reception  was  only  possible  when  either  the 
transmitter  or  receiver  was  located  near  a 
window. 

•  No  reception  was  possible  when  either  transmitter 
or  receiver  was  located  in  the  basement. 

•  There  was  no  height  gain  for  the  cases  in  which 
reception  was  possible. 

The  intrabuilding  propagation  measurements  can  be 
grouped  into  four  categories:  transmission  along  straight  and 
right-angle  corridors;  transmission  between  above-ground  floors; 
transmission  between  a  basement  and  above-ground  floors;  and 

* 
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TABLE  2.7-2 

Best  Fit  Characteristics  of  S treet- to-Bui Iding  Propagation  Data 
As  a  Function  of  Distance  Along  a  Floor,  d 


transmission  along  stairwells  and  elevator  shafts.  A  summary 
of  the  characteristics  of  the  'best  fit'  curves  to  the  data  is 
presented  in  Table  2.7-3.  In  addition,  the  measurements  ex¬ 
hibited  the  following  trends: 

•  Waveguide  type  of  propagation  was  observed  along 
corridors.  The  attenuation  rate  decreases  with 
frequency  in  straight  corridors  and  increases 
with  frequency  in  corridors  at  right  angles. 

•  The  measurements  for  transmissions  between  above 
ground  floors,  basement  to  above  ground  floors, 
and  along  stairwells  exhibited  a  power  law  type 
of  distance  dependence  (i.e.,  an  inverse  de¬ 
pendence  on  the  number  of  floors  penetrated 
through) .  The  attenuation  rates  (power  law) 
decreased  with  frequency  in  all  three  cases 
until  the  wavelength  became  comparable  to  the 
thickness  of  the  ceilings  where  an  increase 

in  the  attenuation  rate  with  frequency  was 
observed . 

•  The  measurements  for  transmissions  along  ele¬ 
vator  shafts  exhibit  a  waveguide  type  of 
attenuation  at  the  VHF  frequencies  and  a  power 
law  distance  dependence  at  UHF.  This  is  probably 
due  to  the  fact  that  elevator  shaft  dimensions 
were  smaller  compared  to  the  wavelength  at  VHF 
but  much  larger  at  UHF. 

•  The  total  attenuation  and  the  attenuation  rates 
were  higher  in  the  above  ground  floor  to  base¬ 
ment  transmissions  than  in  the  transmissions 
between  above  ground  floors. 

•  The  attenuation  for  transmissions  along  stair¬ 
wells  and  elevator  shafts  was  lower  than  the 
transmissions  between  above  ground  floors. 
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Best  Fit  Characteristics  of  Intrabuilding  Propagation  Data  as 
a  Function  of  Distance  (Along  a  Corridor),  d,  or  Number  of 
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However,  the  converse  was  true  for  the 
attenuation  rates.  This  implies  that  for 
transmissions  through  a  few  floors,  the 
attenuation  is  mainly  determined  by  the 
obstacles  (i„e.,  walls,  ceilings,  staircase) 
but  as  the  number  of  floors  (distance)  in¬ 
creases,  the' dimensions  of  the  stairwell, 
elevator  shaft,  and  room  begin  to  play  an 
important  role  in  determining  the  attenuation 
rate. 

The  conclusions  based  on  the  measured  data  presented 
in  this  section  are  qualitative.  Before  we  can  give  a  quanti¬ 
tative  description  and  comparison  of  the  various  effects  tested 
for,  we  have  to  take  into  account  the  differences  in  trans¬ 
mitted  power  and  antenna  gain  at  the  three  frequencies.  This 
type  of  analysis  as  well  as  a  correlation  analysis  of  the  data 
is  performed  in  the  next  section. 
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SECTION  3 

VHF  AND  UHF  DATA  ANALYSIS 


3 . 0  Introduction 

In  this  section  presents  an  analysis  of  the  data 
described  in  Section  2.  An  estimate  is  given  for  the 
average  path  or  transmission  loss  of  each  of  the  propa¬ 
gation  paths  previously  described  is  obtained  from  the  set  of 
measurements.  In  addition,  we  also  obtain  an  estimate  of  the 
correlation  between  the  data  taken  with  colocated  whip  and  loop 
antennas  at  27  MHz  and  49.8  MHz  (E-H  field  correlation)  as  well 
as  an  estimate  of  the  correlation  between  measurements  taken 
at  fixed  distances  (spatial  correlation)  at  49.3  MHz  and  446  MHz. 

The  average  path  or  transmission  loss  is  a  measure  of  the 
average  attenuation  introduced  by  the  environment  (propagation 
medium)  independent  of  the  transmitting  and  receiving  apparatus. 
As  such,  in  the  most  general  case,  it  varies  with  frequency, 
transmitter-receiver  separation,  and  the  heights  of  the  transmit 
and  receive  locations.  Thus,  the  purpose  of  the  path  loss 
analysis  is  to  determine  the  dependence  of  the  data  on  these 
three  factors.  The  average  path  loss  is  obtained  from  the 
following  relationship  between  transmitted  power,  ?  ,  average 
received  power,  P  ,  and  transmit  and  receive  antenna  gains, 

Gfc  and  Gr  respectively: 

Pr  =  Pt  +  Gt  +  Gr  ”  L  (3.0-1) 

where  all  quantities'  are  in  dB  and  L  is  the  average  path  loss. 

By  defining  the  path  loss  in  this  manner,  we  have  removed  all 
the  effects  of  the  hardware  (equipment)  on  the  measured  data, 

Pr .  Note  however,  that  the  measured  received  signal,  P^.,  is  not 
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actually  equal  to  the  average  value  but  it  rather  fluctuates 
randomly  about  it.  The  fluctuations  are  due  to  the  fading  nature 
of  the  transmission  medium,  the  fading  being  due  to  the  existence 
of  multiple  propagation  paths  (multipath)  between  a  transmitter 
and  receiver.  The  average  signal  level  is  thus  defined  as  the 
minimum  mean- squared  error  linear  fit  to  a  set  of  measurements 
in  dB.  Thus,  if  p^  is  the  instantaneous  received  signal  in  Watts, 
then  the  received  signal  in  dB  is  given  by 

P,.  =  10  log  Pr  =  Pr  +  APr  (3.0-2) 

where  P is  the  average  of  the  received  signal  level  in  dB  and 
AP^  is  the  zero  mean  fluctuation  (in  dB)  of  the  received  signal 
about  the  average.  The  average  value  in  Watts,  or  mean  received 
signal  level,  is  related  to  the  dB  average  through 

Pr  =  E{exp  [ (Pr  +  iPr)/4.34]}  (3.0-3) 

where  £'•}  denotes  ensemble  averaging  over  the  fluctuations  IP  . 

If  the  fluctuations  (in  dB)  are  Gaussian  distributed  with  a 
standard  deviation  z,  then  the  mean  received  signal  level  in  Watts 
is  given  by 


pr  =  exp  [(2Pr  +  cr 2 )  /  8 . 6  8  ]  . 

However,  since  many  of  the  measurements  in  a  given  set  were  made 
at  different  transmitter  and  receiver  locations,  we  expect  the 
average  received  signal  level  P  ,  to  exhibit  a  distance  and/or 
height  dependence.  Thus  it  is  important  to  remove  the  distance 
and/or  height  dependance  of  the  data  before  performing  any  averag¬ 
ing  of  a  set  of  data  in  order  to  determine  the  average  path  loss. 

The  field  and  spatial  correlation  coefficients  of  the  data 
are  a  measure  of  the  decrease  in  the  input  signal- to-noise 
ratio  that  a  communications  system  employing  field  or  spatial 


diversity  will  require.  By  this  we  can  mean  that  a  receiving  system 
employing  two  antennas,  a  whip  and  a  colocated  loop  antenna  or 
two  whip  antennas  separated  by  at  least  a  half-wavelength,  will 
require  a  lower  signal-to-noise  ratio  to  achieve  the  same  level 
of  performance  as  a  system  employing  a  single  receiving  antenna. 

The  improvement  is  determined  by  the  correlation  between  the 
signals  received  with  the  two  diversity  antennas,  defined  a?;- 


E{X1X2:  -  E{X1>  EiX2> 


H^}e{x^*]1/2 


(3.0-4: 


where  X^  and  X2  are  the  instantaneous  signal  (amolitudes  and  phase) 
O  and  E { * }  denotes  ensemble  averaging  over  the  fluctuations  of  X^ 

and  X2 .  If  the  two  signals  are  uncorrelated  r  =  0.  On  the  other 
hand  if  X^  and  X2  are  perfectly  correlated,  i.e.  they  fluctuate 
identically,  then  r  =  +1.  Thus,  the  range  of  values  of  r  is 


-l<r< 1 


(3.0-5) 


Hence  this  section  will  be  concerned  with  obtaining  estimates 
of  the  average  path  loss  L  and  the  field  and  spatial  correlation 
coefficients,  rgh  and  rg  respectively.  Section  3.1  is  concerned 
with  the  path  or  transmission  loss  analysis  of  the  data  while 
section  3.2  deals  with  the  correlation  analysis  of  the  data.  Finally 
in  Section  3.3  we  make  use  of  the  results  of  the  path  loss  analysis 
to  extend  the  existing  data  base. 

3 . 1  Path  or  Transmission  Loss  Analysis 

In  this  section  we  obtain  an  estimate  of  the  average  path  loss 
for  each  of  the  sets  of  measurements  described  in  Section  2.  The 
average  path  loss  is  in  general  dependent  on  the  distance  from 
transmitter  to  receiver  and/or  the  relative  height  between  the 


transmit  and  receive  locations.  Thus  part  of  the  analysis  of  the 
data  is  to  determine  the  distance  and/or  height  dependence.  Further¬ 
more,  from  physical  considerations,  the  distance  and/or  height 
dependence  of  the  data  is  assumed  to  be  well  behaved  (i.e.  deter¬ 
ministic)  ,  with  any  deviations  of  the  data  from  the  expected  value 
being  due  to  multipath  fading  and  terrain  variations  (including 
building  density,  number  of  walls  penetrated,  etc.).  The  path 
loss  is  thus  related  to  (by  Eg.  3.0-1)  the  average  value  of  the 
measured  data  (in  d3) ,  averaged  over  the  fluctuations  about  a 

'iff' 

deterministic  distance  and/or  height  dependent  value  (the  least- 
mean-scuared  error  fit)  .  We  may  thus  express  this  m.a thematically 
by  writing  the  average  of  the  received  signal  level  data  at  the 
ith  location  as 


Pj 


=  Kf(Xi) 


(3.1-1:' 


where  p^  is  the  average  of  the  received  signal  (in  Watts]  at  a 
distance  or  height  relative  to  the  emitter,  K  is  a  proportionality 
constant  which  depends  on  the  transmitted  power  and  antenna  gains , 
and  f(-)  is  a  function  which  describes  the  type  of  distance  or 
height  dependence  exhibited  by  the  data.  If  the  data  exhibits  a 
power  law  type  of  distance  or  height  dependence,  then 


f(X)  =  X 


(3.1-2) 


where  n  is  the  power  law  dependence.  On  the  other  hand,  if  the 
data  exhibits  an  exponential  type  of  distance  or  height  dependence, 
then 


f(X)  =  e'^  (3.1-3) 

where  a  is  the  rate  of  decay. 

Since  the  distance  dependence  is  assumed  to  be  deterministic, 
the  actual  received  signal  data,  p.  (as  opposed  to  its  average 
value  p^)  should  exhibit  the  same  distance  dependence.  However,  the 


proportionality  constant — i-s  random  and  varies  from  d ara  point 
to  data  point  (i.e,  p^  =  f(X^)) .  The  problem  of  obtaining 

-the  average "path  loss  is  then  reduced  to  finding  the  values  of  the 
constants  K  and  n  or  a  that  yield  the  smallest  standard  deviation 
between  the  measured  data  {p^}  and  (Kf(X^)}. 

Since  the  actual  gathered  data  is  in  dBm,  it  is  convenient 
to  rewrite  (3.1-1)  as 


pi  =  1  -  SYj_ 


(3.1-4) 


where  P . 

l 


=  10  log10  p., 

=  i°g10K, 


s  = 


r  10n  i 

l.  lOalog,  ne  i 


if  power  law  dependence 


log^Qe  if  exponential  dependence 


Y  j'1°9l0Xii 

1  1  X,  i 


f  power  law  dependence 
f  exponential  dependence 


The  average  path  loss  is  then  determined  by  finding  the  I  and  S 
which  minimize  the  distance  (standard  deviation)  between  the  data 
in  dBm  {P^}  and  {I-SY^}. 

The  values  of  I  and  S  which  minimize  the  mean-squared  distance 

between  the  measured  data  (P.J  and  the  best  estimate  •'?.  =  I-SY.  } 

i  r  l 

or  average  path  loss  are  [Papoulis ,  1965]. 


1  N 

i  Z  P.Y. 
N  i-1  11 


1  N  '1 

=•  Z  P. 

N  .  .  1 

1  =  1  j 


1  N 
~  Z 

N  i=l 


(3.1-5) 


i  n  2  r  i  N 

k  *  Yi  -  N  *  Yi 
1=1  L  i=l 
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I  =  —  £ 

N  i=i 


(Pi  +  SYJ 


(3.1-6) 


where  N  is  the  number  of  data  points.  The  standard  deviation 
(or  spread)  of  the  data  is  defined  as: 


(pi  -  pi> 


(3.1-7) 


The  expressions  for  the  slope,  S,  and  intercept,  I,  are 
valid  as  long  as  all  the  measurements  in  a  given  set  are  made  with 
the  same  receiving  anten;  a.  However,  the  measurements  at  27  MHz 
and  49.8  MHz  were  made  w  h  two  types  of  receiving  antennas:  a 
whip  and  a  loop.  From  pi.  ical  considerations,  we  expect  the  two 
sets  of  measurements  made  ith  the  two  antennas  to  exhibit  the 
same  distance  dependence.  lowever,  since  the  gains  of  the  two 
antennas  were  not  necessar  y  equal,  then  the  intercept  of  the 
two  sets  of  data  must  be  d:  ferent.  In  this  case,  we  express  the 
estimates  of  the  data  colle  ted  with  *  he  two  antennas  as : 


Ve>  ■  h  -  h 


pi(h)  -  Ih  - 


(3.1-8) 


where  e  and  h  denote  the  dara  obtained  with  the  whip  antenna  and 

loop  antenna,  respectively.  The  values  of  S,  I  ,  and  I,  which 

©  n 

minimize  the  mean-squared  distance  between  the  measured  data, 

{P. (e)}  and  (P. (h) } ,  and  the  values  (I  -SY.}  and  'I.-SY.}, 

1  i  e  l  h  l 

are  given  by 

1N  flN  Ifl  «  I 

i  Z  <P  (el+p  <h))Y  - U  I  (P  (e)+P  (h)l:  s  Z  Y 

•,  1=1  L  i=l  j  L  i=l  J 


S  "  'I 


I  ?  Y  2  -  <±  ?  Y  )2 

N  i=l  1  (n  i=l  i 


(3.1-9) 


•  r  <r  u  * 


(3.1-10) 


1  N 

i  Z  {P  (e)  +  SY. } 
N  i=l  1  1 


Ih  -  I  !Pi(h»  *  svi! 

i=l 


(3.1-11) 


where  N  is  the  number  of  data  points  collected  with  each  of 
the  antennas. 

The  standard  deviation  of  the  data  obtained  with  each 
of  the  antennas  is  given  by: 


r 


N 


»e  --/£  \  -  Pile')2 


Jh 


*■#  {Pi(h)  -  pi<h>  ’’2 


(3.1-12) 


The  best  fit  curves  presented  in  Section  2  along  with 
the  data  points  were  obtained  using  Eqs.  (3.1-8)  to  (3.1-11) 
for  the  measurements  at  27  MHz  and  49.8  MHz;  and  Eqs.  (3.1-4) 
to  (3.1-6)  for  the  measurements  at  446  MHz.  The  standard 
deviations  shown  in  the  legends  of  the  figures  were  computed 
using  Eqs.  (3.1-12)  and  (3.1-7)  respectively. 

Once  the  average  of  the  received  signal  is  obtained, 
we  determine  the  average  path  or  transmission  loss  in  aB  from 
Eq.  (3.0-1)  ,  i.e.  , 


L.  = 


l 


Pt  +  Gt  + 


G  - 

r 


P . 
i 


(3.1-13) 
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The  levels  of  transmitted  power  in  Watts  (1  Watt  = 

30  dBm)  for  the  measurement  systems  at  27  MHz,  49.8  MHz, 
and  446  MHz  are  given  in  Table  2.1-1.  The  gains  of  the 
respective  antenna  systems  are  discussed  in  Section  2.1-2 
and  estimates  of  the  effective  gains  are  given  in  Table  2.1-3. 
Since  the  gains  of  the  antennas  could  only  be  estimated,  the 
variance  (square  of  the  standard  deviation)  of  the  actual  (as 
opposed  to  average)  path  loss  is  equal  to  the  sum  of  the 
variance  of  the  received  signal  plus  the  variance  (uncertainty) 
of  the  estimates  of  the  antenna  gains. 

A  complete  analysis  of  the  data  involves  determining  the 
frequency  and  distance  and/or  height  dependence  of  the  path  loss 
for  the  street- to-street ,  street-to-building,  building-to- 
building,  and  intrabuilding  propagation  measurements.  In 
addition,  in  the  analysis  of  the  street-to-street  propagation 
data  we  also  discuss  the  effects  of  urban  vs.  suburban  environ¬ 
ment.  Included  in  this  discussion  are  the  effects  of  building 
height  as  well  as  the  proximity  of  the  transmit  (or  receive) 
location  to  the  buildings.  However,  this  lattfer  discussion  is 
more  of  a  qualitative  (with  some  quantitative  values  given) 
nature  as  there  is  not  enough  data  to  do  a  statistical  analysis. 
The  analysis  of  the  street-to-building  and  building- to-building 
propagation  measurements  includes  a  limited  discussion  of  the 
effects  of  the  type  of  structure  in  addition  to  position  (dis¬ 
tance  and  floor  level)  within  the  building.  Finally,  the 
analysis  of  transmission  loss  for  the  intrabuilding  propagation 
measurements  includes  a  discussion  of  the  effects  of  room 
dimensions . 

in  the  remainder  of  Section  3.1,  we  present  the  results 
of  the  average  path  loss  analysis  for  the  street-to-street, 
street- to-building  ,  building-to-building ,  and  intrabuilding 
propagation  measurements.  The  spread  of  the  data  about  the 
average  ^ath  loss  curves  given  in  tne  following  sections  is  shown 
in  the  legend  of  the  corresponding  figure  presented  in  Section  2. 


3.1.1  Average  Path  Loss  in  Street- to-Street  Propagation 


Urban  Average  Path  Loss 


The  results  of  the  path  loss  analysis  for  the  urban 
street-to-street  propagation  measurements  described  in  Section 
2.3.1  are  shown  in  Figs.  3. 1.1-1  to  3. 1.1-3.  The  solid  curves 
of  Fig.  3. 1.1-1  represent  the  average  path  loss  at  the  three 
frequencies  for  the  case  in  which  the  transmit  and  receive 
locations  were  both  on  Congress  Street.  Similar  curves  for  the 
case  in  which  the  transmit  location  was  at  the  intersection  of 
Cambridge  Street  and  New  Sudbury  Street  and  the  various  receive 
locations  were  along  Congress  Street  are  shown  in  Fig.  3. 1.1-2. 

The  curves  of  Fig.  3. 1.1-3  represent  the  average  path  loss  at  the 
three  test  frequencies  for  the  case  in  which  the  transmit  location 
was  on  Summer  Street  and  the  various  receive  locations  were  on 
different  streets  in  the  immediate  area  on  both  sides  of  Summer 
Street.  The  path  loss  curves  were  calculated  from  Eqs.  (3.1-8) 
and  (3.1-13). 

The  dashed  lines  denoted  by  Lp  represent  the  path  loss 
that  can  be  expected  for  transmissions  between  two  vertically 
polarized  antennas  placed  1.5  meters  (~5  ft)  above  a  perfectly 
conducting  plane  ground  (i.e.,  plane-earth  path  loss): 


Lp  =  -20  lo<?10 


(  -1  h2  ) 
d2  } 


(3. 1. 1-1) 


where  h^  and  hj  are  the  antenna  heights  and  d  is  the  distance 

between  the  two  antennas.  Thus,  it  is  seen  that  in  all  three 

cases,  the  path  loss  exceeds  the  plane-earth  path  loss,  L  . 

P 

The  amount  by  which  the  plane  earth  path  loss  is  exceeded  depends 
on  the  frequency  and  varies  from  path  to  path.  Furthermore,  the 
path  loss  curves  (solid  lines)  of  Figs.  3. 1.1-1  and  3. 1.1-2  are 
closely  parallel  to  the  plane-earth  path  loss  (dashed  line) . 

This  would  seem  to  suggest  that  the  path  loss  in  dB  between  low 
elevation  antennas  may  be  expressed  as  the  sum  of  a  term  purely 
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FIGURE  3. 1.1-1  Median  Path  Loss  Along  Urban  Street 

(Congress  St.,  Boston,  MA) 
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FIGURE  3.1. 


1-2  Median  Path  Loss  Along  a  Non-Line-of-Sight 
Urban  Path  (Transmitter  at  Cambridge  St. 
and  New  Sudbury  St.,  Boston,  MA) 


dependent  on  the  distance  and  antenna  heights  but  independent 
of  frequency,  plus  a  term  dependent  on  the  frequency  and  nearby 
environment  (i.e.,  building  height  and  density  as  well  as  street 
orientation)  but  independent  of  the  distance.  However,  this  is 
not  always  the  case  as  the  curves  of  Fig.  3. 1.1- 3  show  that  the 
path  loss  at  49.8  MHz  is  nearly  parallel  to  the  plane-earth  path 
loss,  Lp,  but  the  path  losses  at  27  MHz  and  446  MHz  are  more 
nearly  parallel  to  the  free-space  path  loss  defined  as: 

Lo  "  “20  lo%0  (4?d)  (3. 1.1-2) 

where  X  is  the  wavelength  at  the  operating  frequency  and  d  is  the 
distance.  The  free  space  loss  is  thus  frequency  dependent,  so 
that  the  dashed  line  denoted  by  Lq  in  Fig.  3. 1.1-3  represents  the 
free-space  loss  at  446  MHz.  Aside  from  the  frequency  dependence, 
the  free-space  path  loss  increases  with  distance  at  a  rate  of 
20  dB  per  decade  whereas  the  plane-earth  path  loss  increases  with 
distance  at  a  rate  of  40  dB  per  decade. 

Hence,  analysis  of  the  urban  measurements  indicates  that 
the  path  loss  in  dB  may  be  represented  in  some  instances  as  a 
plane-earth  loss  plus  an  excess  loss  due  to  environmental  clutter 
or  as  a  free-space  loss  plus  some  other  excess  loss  in  some  other 
cases.  In  order  to  understand  when  one  type  of  distance  de¬ 
pendence  or  the  other  applies,  it  is  helpful  to  consider  a 
simplified  model  of  the  propagation  medium  which  may  not  be 
accurate  in  terms  of  predicting  the  actual  path  loss  but  which 
gives  a  qualitative  description  of  the  mechanisms  involved  in 
determining  the  distance  dependence. 

The  urban  propagation  problem  involves,  in  general,  one 
or  more  obstructions  between  the  transmitting  and  receiving 
antennas.  When  two  or  more  obstructions  are  involved,  graphical 
integration  of  the  obstacles  into  a  single  obstacle  as  shown  in 
Fig.  3.1.1-4(a)  yields  a  shadow  loss  which  is  within  a  few  dB 
of  the  actual  loss  computed  when  the  various  obstacles  are  con¬ 
sidered  [Bullington,  1977] .  Thus,  with  no  loss  in  generality 
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we  assume  that  the  urban  propagation  problem  can  be  represented 
qualitatively  by  a  single  knife-edge  diffration  problem. 

Furthermore,  when  the  transmitting  and  receiving  antennas 
are  not  at  ground  level  but  rather  at  some  height  h^  and  h^ , 
respectively,  it  is  necessary  to  include  the  effects  of  waves 
reflected  from  the  ground.  This  results  in  four  paths,  namely, 
MOQ,  MOQ',  M'OQ,  and  M'OQ'  shown  in  Fig.  3. 1.1- 4(b)  for  a  single 
obstruction.  Each  of  these  paths  is  similar  in  form  to  the  single 
path  illustrated  by  Figure  3.1.1-4(a).  The  sum  of  the  field 
intensities  over  these  four  paths,  considering  both  magnitude 
and  phase,  is  given  by  the  following  equation: 


O 


_  S2  - j  u+b)  _  S3  -j  u+c) 


S4  - 


j (b+c) 


:3. 1. 1-3) 


where , 

E  is  the  received  field  intensity, 

E  is  the  free-space  field  intensitv, 

o 

is  the  magnitude  of  the  shadow  loss  over  path  MOQ, 

S2  is  the  magnitude  of  the  shadow  loss  over  path  MOQ', 

is  the  magnitude  of  the  shadow  loss  over  path  M'OQ, 
S4  is  the  magnitude  of  the  shadow  loss  over  path  M'OQ', 

A  =  A-nh^h^/X  (d^+d^)  radians 

b  is  approximately  equal  to  4~h2H/,\d2  rad, 

c  is  approximately  equal  to  4'h^H/Ad^  rad. 

This  equation  assumes  that  the  reflection  coefficient  is 
-1.  This  means  that  the  ground  reflections  are  assumed  to  be 
at  near  grazing  angles.  The  equation  fails  when  either  antenna 
height  approaches  zero.  The  angles  b  and  c  are  phase  angles 
associated  with  the  diffraction  phenomena  and  the  approximate 
values  given  above  assume  that  H  is  greater  than  h^ ,  or  h^ . 

This  assumption  permits  the  shadow  losses  to  be  averaged  so 
that  S^=S2=S2=S4=S .  After  several  algebraic  manipulations 
(3. 1.1-3)  can  be  put  into  the  form. 
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jr-!  =4S  |  sin  ~  cos  +  j  (sin2  — -  -  sin2  )e~^L/2\  (3. 1.1-4) 


where  S  is  the  average  shadow  loss  for  the  four  paths.  This 
means  that  the  shadow  triangle  should  be  drawn  midway  between 
the  location  of  the  actual  antenna  and  the  image  antenna  as  shown 
in  Fig.  3.1.1-4(c).  When  the  antenna  heights  are  small  compared 
to  d1  and  d2 ,  the  angles  (b+c)/4  and  (b-c)/4  are  small  and 


i  E  |  .  _  |  A  b+c, 

|g—  I  a  4S  [sin  j  cos  2  i 
o 


(3. 1.1-5) 


The  ratio  of  received  power  to  transmitted  power  may  be 
expressed  in  terms  of  Eq.  (3. 1.1-5)  as: 


r  „  i  E  ■  2 


(3. 1.1-6) 


=  (  X  \  2  r4Adld2  »  i  -jn4rThlh2  4mH  ,^2  _  ^1.  .  2 
v  j  )  )  i sin  cos  t  j  )  } 

4rx  ^2H2d  .d  ,  c2  dL 


where  the  first  term  is  the  free-space  loss,  the  second  is  the 
shadow  loss  and  where  d  =  d^  +  d2-  When  the  antenna  heights 
are  much  smaller  than  the  distance,  the  sin  (•)  term  can  be 
replaced  by  its  argument  since  the  angle  4rh^h2/.\d  becomes  very 
small  and 


Pr  _  ,  2  4>dld2  4^hLh2  2  2  4tH 

rT  ( - '  (“T- 2 -  )(  -  )  COS  ~T“ 

Ft  4fx  h  d  Ad 


'  d2  +  dl 


:3. i.i-7) 


4Xdld2 
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Let  us  assume,  for  simplicity,  that  the  two  antenna 


heights  are  nearly  equal,  i.e.,  h. 


“  h2  =  h. 


Then ,  (3 . 1 . 1-7) 


takes  on  two  different  limiting  distance  dependences  when 
d^  =  and  when  d^  >>  d^-  First  consider  the  case  in  which 
the  obstruction  is  about  halfway  between  transmitter  and  re¬ 
ceiver,  i.e.,  d.  =  d*  =  d/2.  In  this  case,  (3. 1.1-7)  becomes: 


hlh2 

ttH 


(3. 1.1-8) 


which  indicates  that  the  path  loss  in  this  case  increases  with 
distance  at  a  rate  of  30  dB  per  decade.  At  the  other  extreme, 
when  a.  >>  d^ ,  d^  =  d,  and  (3. 1.1-7)  becomes 


o 

*  r 


4Xd2 

~2~~2" 

tt  H 


hlh2 


a ^ 


cos 


2  4^Hh2 


(3. 1.1-9) 


which  shows  that  the  path  loss  increases  with  distance  at  a  rate 
equal  to  the  plane-earth  path  loss  rate,  40  dB  per  decade. 

This  simplistic  model  illustrates  how  variations  in  dis¬ 
tance  dependence  from  inverse  cubic  to  inverse  fourth  power  law 
can  be  explained  in  terms  of  multiple  diffraction  paths  and  the 
distance  from  the  terminals  to  the  diffraction  point. 

When  the  raflection  coefficient  is  much  less 
than  1  (not  perfectly  conducting  ground  and  nongrazing  reflection 
angle)  ,  S2  <<  S^,  <<  ,  and  <<  1,  so  that  most  of  the 

received  energy  propagates  along  path  MOQ.  In  this  case,  the 
ratio  of  received  to  transmitted  power  is  given  by 


Xdld2  * 
\  4  m  2  H  2d 


'  A  \  , 


(3.1.1-10) 


where  the  first  term  is  the  shadow  loss  and  the  second  term 
is  the  free-space  loss.  When  the  obstruction  is  halfway  between 
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-  d/2  and 


transmitter  and  receiver,  d^  = 


(3.1.1-11) 


which  indicates  an  inverse  distance  dependence  for  the  path  loss. 
On  the  other  hand,  wnen  d^  =  d  >>  d^ /  (3.1.1-10)  becomes 


Pr  1  \2  A3d2 

pt  \8tt2H/  d2 


(3.1.1-12) 


which  exhibits  an  inverse  squared  distance  dependence.  These 
two  results  illustrate  how  variations  in  distance  dependence 
from  inverse  distance  to  inverse  squared  distance  dependence  may 
be  explained  in  terms  of  a  single  diffraction  path  and  the  dis¬ 
tance  from  transmitter  and  receiver  to  the  diffraction  point. 

We  can  now  use  these  qualitative  results  to  understand 
the  differences  in  distance  dependence  between  the  average  path 
loss  curves  of  Figures  3. 1.1-1,  3. 1.1-2,  and  3. 1.1-3.  The 
results  of  Figures  3.1. 1-1  and  3. 1.1-2  indicate  the  presence  of 
two  or  more  equal  strength  diffraction  paths  with  the  effective 
diffraction  point  being  located  near  the  transmit  or  receive 
location.  The  same  conclusion  may  be  reached  about  the  path 
loss  curve  at  49.8  MHz  in  Fig.  3. 1.1-3.  However,  the  excess  loss 
above  the  plane-earth  loss  (due  to  diffraction  effects)  is  much 
larger  owing  to  the  taller  structures  found  in  the  area  of  these 
measurements.  On  the  other  hand,  the  path  loss  curves  at  27  MHz 
and  446  MHz  in  Fig.  3. 1.1-3  seem  to  indicate  the  presence  of  a 
diffraction  path  which  is  stronger  than  the  other  possible  paths 
with  the  diffraction  point  being  close  to  the  transmit  or  receive 
location.  The  reason  for  the  difference  in  the  distance  behavior 
between  the  path  loss  at  49.8  MHz  and  the  path  losses  at  27  MHz 
and  446  MHz  in  Fig.  3. 1.1-3  is  that  the  transmit  locations  were 
not  actually  the  same  at  all  frequencies  for  this  situation. 

As  pointed  out  in  Section  2,  the  measurements  at  27  MHz  and 
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446  MHz  were  made  with  the  transmitter  located  in  the  middle  of 
the  street  while  the  measurements  at  49.8  MHz  were  made  with  the 
transmitter  located  on  the  sidewalk.  By  moving  to  the  middle  of 
the  street,  it  is  possible  that  one  of  the  multiple  diffraction 
paths  is  much  less  attenuated  than  the  others  resulting  in  a 
slower  rate  of  attenuation  with  distance. 

Another  characteristic  that  can  be  observed  from  Figs. 

3.1. 1-1,  3. 1.1-2,  and  3. 1.1-3  is  that  for  a  given  transmitter/ 
receiver  location,  the  path  loss  increases  with  frequency. 

This  effect  may  also  be  explained  by  the  simple  model  described 
earlier.  From  Eqs.  (3. 1.1-7)  and  (3.1.1-10)  we  can  see  that  the 
smaller  the  wavelength  (higher  frequency) ,  the  lower  the  re¬ 
ceived  power.  Equation  (3.1. 1-7)  also  shows  that  when  the  dis¬ 
tance  dependence  Varies  between  inverse  third  and  fourth  power 
laws,  the  path  loss  increases  linearly  with  frequency.  Thus, 
from  the  model,  the  difference  in  path  loss  at  27  MHz  and 
446  MHz  should  be  in  the  order  of  12.2  dB  while  the  difference 
in  path  loss  between  49.8  MHz  and  446  MHz  is  around  9.5  dB. 

This  type  of  distance  dependence  and  frequency  dependence  is 
exhibited  by  the  non-line-of-sight  (diffraction)  path  curves 
of  Fig.  3. 1.1-2.  Equation  (3.1.1-10)  shows  that  when  the 
distance  dependence  varies  between  inverse  distance  and  inverse 
squared  power  law  the  path  loss  increases  with  the  cube  of  the 
frequency.  However,  it  is  difficult  to  assess  from  these  two 
equations  what  the  frequency  dependence  would  be  when  the  dis¬ 
tance  dependence  varies  between  inverse  squared  and  inverse 
third  power  law.  The  27  MHz  and  446  MHz  curves  of  Fig.  3. 1.1-3 
exhibit  distance  dependence  in  this  range  and  the  difference 
in  path  loss  is  in  the  order  of  16  dB .  This  is,  as  one  might 
expect,  somewhat  in  excess  of  that  predicted  by  linear  fre¬ 
quency  dependence  and  somewhat  less  than  that  predicted  by 
cubic  frequency  dependence. 

Finally  the  curves  of  Fig.  3. 1.1-1  did  not  exhibit  the 
frequency  dependence  predicted  by  Eq.  (3. 1.1-7).  However,  the 
differences  in  path  loss  between  49.8  MHz  and  446  MHz  are  very 
small  for  this  case,  which  would  indicate  that  there  was  little 
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diffraction  loss  (and  therefore  no  frequency  dependence) 
along  this  path.  This  is  not  surprising,  since  both  trans¬ 
mitter  and  receiver  were  located  on  the  same  street. 

3. 1.1.2  Suburban  Average  Path  Loss 

The  results  of  the  path  loss  analysis  for  the  suburban 
street- to-street  propagation  measurements  described  in  Section 
2.3.1  are  shown  in  Figures  3. 1.1-5  and  3. 1.1-6.  The  solid  lines 
represent  the  average  path  loss  at  the  three  test  frequencies  as 
calculated  from  Eqs.  (3.1-13)  and  (3.1-8).  The  dashed  line  de¬ 
noted  Lp  in  the  plane-earth  path  loss  (see  Eq.  3. 1.1-1)  while 
the  dashed  line  denoted  Lo  is  the  free-space  loss  (Eq.  3. 1.1-2) 
at  446  MHz.  The  curves  of  Fig.  3.1. 1-5  represent  the  path 
loss  for  the  case  in  which  the  transmit  and  receive  locations 
were  both  on  the  same  street  (Waltham  Street,  Lexington)  while 
the  curves  of  Fig.  3.1. 1-6  represent  the  path  loss  for  the 
case  in  which  the  transmit  location  was  on  Massachusetts  Ave. 
and  the  various  receive  locations  were  on  Waltham  Street. 

The  suburban  path  loss  curves  at  27  MHz  and  49.8  MHz  are 
nearly  parallel  to  the  plane-earth  loss  in  both  cases,  i.e.,  they 
exhibit  an  approximate  path  loss  rate  with  distance  of  40  dB  per 
decade.  In  addition,  the  excess  path  loss  is  seen  to  increase 
with  frequency.  the  path  loss  at  446  MHz  exhibits  a  loss  rate 
near  40  dB  per  decade  for  the  case  in  which  the  transmitter  and 
receiver  were  located  on  the  same  street  (Fig.  3. 1.1-5)  and  a 
loss  rate  just  over  20  dB  per  decade  for  the  non-line-of-sight 
case  (Fig.  3. 1.1-6).  Qualitatively  the  suburban  path  loss  curves 
are  similar  to  the  urban  path  loss  curves.  The  reason  the  path 
loss  rate  at  446  MHz  differs  from  that  at  49.8  MHz  and  27  MHz  is 
that  a  two  story  (=  10-12  m)  building  situated  in  the  proximity 
of  the  transmitter  was  high  enough  to  cause  large  shadow  losses 
in  all  but  one  of  the  four  possible  diffraction  paths  at  446  MHz 
as  illustrated  in  Fig.  3.1.1-4(b)  resulting  in  a  near  inverse 
square  distance  dependence.  However  since  the  wavelengths  at 
27  MHz  (11  m)  and  49.8  MHz  (-6  m)  were  of  the  same  order  of  mag- 
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FIGURE  3.1. 1-5  Median  Path  Loss  Along  a  Suburban  Street 

(Waltham  St.,  Lexington,  MA) 


Hektnti 


nitude  as  the  building  height,  the  shadow  losses  were  sufficiently 
small  on  two  or  more  of  the  four  diffraction  paths  to  result  in 
an  inverse  fourth  power  distance  dependence. 


The  difference  in  path  loss  at  27  MHz  and  49.8  MHz  is 
around  5  dE  (at  d  =  1000  m)  for  the  line-of-sight  path  and  4  dB 
(at  d  =  400  m)  for  the  non-line-of-sight  path.  Both  these  values 
are  slightly  higher  than  the  3.7  dB  predicted  by  Eq.  (3. 1.1-7). 
The  path  less  at  446  MHz  is,  however,  6  to  7  dB  lower  than  that 
predicted  by  the  same  equation.  The  differences  are  not  con¬ 
sidered  to  be  sufficiently  different  to  impiy  a  propagation 
mechanism  other  than  that  described  by  the  simple  model  pre¬ 
sented  earlier. 


Aside  from  these  differences,  the  path  losses  in  a  sub¬ 
urban  area  appear  to  be  in  the  same  order  (if  not  slightly  higher) 
as  the  path  losses  in  an  urban  area  in  all  cases,  other  than 
the  urban  measurements  at  49.8  MHz.  In  that  case  the  transmit 
location  was  in  the  midst  of  high  buildings,  and  the  urban 
path  losses  far  exceed  (by  about  20-30  dB)  the  losses  in  the 
other  urban  and  suburban  paths. 


Comparing  the  path  losses  at  49.8  MHz  at  a  distance  of 
500  meters,  we  see  that 


104-106  dB, 

L*  (  135  dB 


^  109-113  dB, 


urban  paths  that  are  surrounded 
by  high  buildings 
urban  path  amidst  high  buildings 
(transmit  location  on  sidewalk) 
suburban  paths  with  low  buildings 
and  trees. 


These  relative  values  are  considered  to  be  representative  at  lower 
VHF ,  i.e.,  30-80  MHz.  The  reason  the  suburban  path  losses  are 
higher  than  the  losses  fo.r  urban  paths  not  surrounded  by  high 
buildings  might  be  due  to  the  presence  of  trees  and  the  hilly 
nature  of  the  suburban  terrain. 


A  similar  comparison  of  path  losses  at  446  MHz  at  a  distance 
of  500  meters  results  in 


f  109-116  dB ; 


I  126  dB 


110  dB 
129  dB 


urban  paths  not  surrounded  by  high 
buildings 

urban  path  amidst  high  buildings 
(transmit  location  in  middle  of 
the  street) 

suburban  path  (no  immediate  buildings) 
suburban  path  (buildings  immediately 
in  front)  . 


Thus,  we  see  that  at  UHF  even  a  two  story  suburban  building 
tends  to  have  the  same  effect  as  high  buildings  in  an  urban  area. 
However,  the  lower  increase  in  path  loss  in  urban  areas  at  UHF  due 
to  the  presence  of  high  buildings  is  more  a  result  of  the  fact 
that  the  transmitter  was  in  the  middle  of  the  street  rather  than 
on  the  sidewalk.  Hence,  if  the  transmitter  had  been  in  the  middle 
of  the  street  at  49.8  MHz  also,  the  path  loss  might  have  been 
around  116  dB  rather  than  135  dB.  The  20  dB  difference  is  a 
measure  of  the  improvement  in  signal-to-noise  ratio  one  might 
expect  by  moving  from  a  transmit  (or  receive)  location  close  to 
a  building  to  a  more  open  area  like  the  middle  of  the  street. 

At  UHF,  this  increase  might  be  more  in  the  order  of  30  dB  since 
shadow  (diffraction)  losses  increase  linearly  with  the  fre- 
cruency . 

The  distance  and  frequency  dependence  obtained  from  this 
analysis  as  well  as  the  effects  of  the  environment  such  as  urban 
vs.  suburban  area,  building  height,  proximity  to  building,  and 
street  orientation  are  used  in  Section  3.3  to  extend  the  current 
data  base  in  the  literature. 

3.1.2  Average  Transmission  Loss  in  Street-to-Building  Propacation 

Transmission  loss  curves  obtained  from  Eqs.  (3.1-13)  and 
(3.1-8)  are  shown  in  Figs.  3. 1.2-1  and  3. 1.2-2  for  the  street- 
to-building  propagation  measurements.  The  solid  curves  represent 
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FIGURE  3. 1.2-1  Median  Transmission  Loss  as  a  Function  of 

Height  Inside  Building  in  Street-to-Building 
Transmission 
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FIGURE  3. 1.2-2  Median  Transmission  vs.  Distance  Inside 

Building  in  Street-to-Building  Transmission 


the  average  transmission  loss  at  the  three  test  frequencies  while 
the  dashed  lines  represent  the  free-space  loss,  i.e.,  the  power 
loss  that  would  be  incurred  between  a  transmitter  and  a  receiver 
located  in  free  space  with  no  obstacles  in  between.  The  differ¬ 
ence  between  the  average  transmission  loss  and  the  free-space 
loss  is  defined  as  the  building  penetration  loss,  L_ .  The  average 

D 

transmission  loss  as  a  function  of  receiver  height  (floor  lo¬ 
cation)  is  shown  in  Fig.  3. 1.2-1.  The  average  transmission  loss 
as  a  function  of  distance,  i.e.,  location  within  a  floor  in 
the  building,  is  shown  in  Fig.  3. 1.2-2.  It  should  be  noted  that 
these  two  types  of  measurements  were  made  in  two  different 
buildings  so  that  differences  in  the  penetration  losses  are 
attributable  to  difference  in  the  structural  composition  of  the 
two  buildings.  The  transmission  loss  measurements  as  a  function 
of  floor  level  were  made  in  a  reinforced  concrete  office  building. 
The  measurements  of  transmission  loss  as  a  function  of  position 
within  a  floor  (measured  in  terms  of  distance  from  the  trans¬ 
mitter)  were  made  in  a  building  whose  outside  walls  were  made  of 
brick  veneer  cinder  block,  and  whose  inside  consisted  of  a 
wooden  frame  with  gypsum  walls. 

From  Fig.  3. 1.2-1  we  see  that  the  building  penetration  loss 
for  a  street- to-basement  transmission  is 


67.5  dB 

at 

27  MHz 

58. 

dB 

at 

49 . 8  MHz 

(3. 1.2-1) 

52. 

dB 

at 

446  MHz. 

Thus,  the  'basement'  penetration  loss  is  seen  to  decrease  with 
frequency  although  the  total  average  path  loss  (which  includes  the 
free-space  loss)  increases  with  frequency  at  frequencies  above 
50  MHz.  This  is  due  to  the  increase  of  the  free-space  loss  with 
frequency. 

Similarly  the  penetration  losses  to  various  other  floors 
are  also  seen  to  decrease  with  frequency.  However,  no  height  gain 
is  observed  but  rather  the  penetration  losses  varied  randomly  from 


one  floor  to  another.  These  variations  are  probably  due  to 
differences  in  the  number  of  windows  or  the  number  of  walls 
between  transmitter  and  receiver  from  one  floor  to  another. 

The  range  of  values  of  the  building  penetration  losses  above  the 
free-space  losses  are: 


These  numbers  indicate  that  the  variance  of  the  median  of  the 
penetration  loss,  a  well  as  the  penetration  loss  itself,  de¬ 
crease  with  frequency. 

The  curves  of  Fig.  3. 1.2-2  indicate  the  rate  at  which  the 
Denetration  loss  increases  with  distance  within  the  building. 

The  range  of  values  of  the  penetration  loss  at  various  locations 
within  the  ground  floor  of  a  wooden  frame  building  are: 


f  61  dB  at  27  MHz 

Lg—  <  44  -  48  dB  at  49.8  MHZ  (3. 1.2-3) 

40  -  58  dB  at  446  MHz 

where  the  smallest  value  (at  each  frequency)  corresponds  to  the 
penetration  loss  in  that  part  of  the  building  closest  to  the  trans 
mit  site  and  the  largest  value  in  the  penetration  loss  in  that 
part  of  the  building  farthest  from  the  transmit  site. 

From  Eq.  (3. 1.2-3)  we  see  that  the  penetration  loss  in  that 
part  of  the  building  closest  to  the  transmit  site  decreases  with 
frequency.  These  values  represent  the  loss  due  to  absorption  by 
the  outer  wall  of  the  building  (cinder  block)  and  are  fairly  close 
to  the  penetration  losses  measured  in  the  reinforced  concrete 
building  (Eq.  3. 1.2-2).  The  values  of  the  penetration  losses 
in  that  part  of  the  building  farthest' from  the  transmit  site 
represent  the  loss  due  to  absorption  by  the  outer  wall  of  the 
building  as  well  as  the  inside  walls.  At  27  MHz,  the  penetration 
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loss  is  nearly  identical  everywhere  in  the  building  (61  dB) 
so  that  the  inside  walls  (which  are  made  out  of  gypsum)  are 
not  lossy  at  this  frequency.  At  49.8  MHz  and  446  MHz  the 
penetration  losses  are  4  dB  and  18  dB  greater  at  the  farthest 
end  of  the  building  than  at  the  end  closest  to  the  transmit 
site.  This  indicates  that  at  these  frequencies  the  inside 
walls  are  somewhat  lossy.  The  losses  due  to  the  cinder  block 
walls  may  be  determined  from  the  difference  in  the  slopes  of 
the  average  transmission  loss  (solid  lines)  and  the  slopes  of 
the  free  space  loss  (dashed  lines) .  At  27  MHz,  the  two  slopes 
are  equal  so  that  there  are  no  additional  losses  due  to  the 
inside  walls.  At  49.8  MHz,  the  losses  due  to  the  inside  walls 
increase  at  20  dB/decade  as  we  move  farther  away  from  the 
transmit  site.  Hence,  if  the  penetration  losses  one  meter  inside 
the  building  are  a  certain  amount,  the  penetration  losses  10 
meters  away  from  the  outside  wall  closest  to  the  transmit  site 
are  20  dB  greater.  Note  that  since  the  free  space  losses  in¬ 
crease  at  20  dB/decade  also,  the  total  average  transmission  loss 
10  meters  away  from  the  outside  wall  is  40  dB  greater  than  at 
one  meter  from  the  outside  wall.  At  446  MHz,  the  penetration 
losses  due  to  the  inside  walls  increase  at  a  much  faster  rate 
(86  dB/decade) ,  the  reason  being  that  at  this  frequency  the 
thickness  of  the  walls  (12.7  cm)  is  in  the  order  of  the  wave¬ 
length  (A  -  70  cm  at  446  MHz).  The  total  average  transmission 
loss  inside  a  building  (including  free  space  losses)  at  446  MHz 
increases  at  a  rate  of  106  dB/decade  as  we  move  away  from  the 
transmit  site,  which  explains  the  greater  increase  in  the  pene¬ 
tration  losses  at  446  MHz  as  indicated  by  Eq.  (3. 1.2-3).  The 
variability,  or  equivalently  the  increase  of  the  penetration 
losses  along  a  floor,  may  also  explain  some  of  the  variability 
of  the  penetration  losses  measured  in  different  floors  (Eq. 

(3. 1.2-2))  since  these  measurements  were  made  at  random  locations 
within  each  floor. 

As  a  final  comment,  a  penetration  loss  of  40  dB  implies  that 
when  a  communications  link  is  set  up  such  that  one  end  of  the  link 
is  inside  a  building,  the  maximum  transmitter-receiver  range  for 
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which  the  signal-to-noise  ratio  is  acceptable  will  be  one  order  of 
magnitude  less  than  if  both  ends  of  the  link  were  set  up  outside 
the  building. 

3.1.3  Average  Transmission  Loss  in  Building- to-3uilding 

Propagation 

The  average  transmission  loss  for  the  building- to-building 
propagation  measurements  are  shown  in  Figs.  3. 1.3-1  and  3. 1.3-2 
as  a  function  of  the  transmit  site  relative  to  the  receive  floor 
level.  The  solid  lines  represent  the  average  transmission  losses 
at  the  three  test  frequencies/  while  the  dashed  lines  represent 
the  free-space  losses  at  equivalent  distances.  The  difference 
between  the  average  transmission  loss  and  the  free-space  loss  at 
each  frequency  represents  the  building- to-building  penetration 
loss  which  is  a  measure  of  the  losses  introduced  by  the  two 
structures.  The  curves  of  Fig.  3. 1.3-1  correspond  to  the  average 
transmission  (and  penetration)  losses  for  a  receive  site  Re¬ 
located  in  a  lobby  at  the  end  of  the  building  closest  to  the 
transmit  site  (see  Fig.  2.3-3).  The  curves  of  Fig.  3.1. 3-2 
give  the  equivalent  information  for  a  receive  site  R2  located 
in  a  lobby  in  that  part  of  the  building  farthest  away  from  the 
transmit  site  (refer  to  Fig.  2.3-3). 

The  average  transmission  (and  penetration)  losses  exhibit 
little  height  dependence  in  all  cases  except  for  the  average 
transmission  loss  at  27  MHz  in  the  receive  site  R2 .  In  this 
case,  the  height  gain  has  a  power  law  dependence  so  that  the 
transmission  loss  decreases  at  a  rate  of  12.8  dB/decade  as  the 
height  of  the  transmit  site  increases.  The  average  transmission 
losses  at  49.8  MHz  and  446  MHz  in  the  same  receive  site  (R2)  do 
not  exhibit  any  height  dependence  at  all. 

By  comparing  the  penetration  losses  at  the  two  receive 
sites,  we  can  get  an  estimate  of  the  variations  of  the  average 
penetration  loss  within  a  building.  Thus,  the  range  of  values 
of  the  average  penetration  loss  in  receive  si-te  are: 
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while  the  range  of  values  in  receive  site  are: 


(3. 1. 3-1) 
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(3. 1. 3-2] 


We  can  see  from  these  values  that  the  penetration  losses 
in  site  R2  are  higher  than  those  in  site  at  49.8  MHz  and 
446  MHz.  This  is  not  surprising  since  receive  site  R2  was  further 
away  from  the  transmit  site  so  that  the  additional  losses  account 
for  the  effects  of  the  interior  of  the  building.  However,  the 
penetration  losses  at  27  MHz  are  lower  in  receive  site  R2 .  In 
addition,  we  can  also  see  from  Eq.  (3. 1.3-1)  that  the  penetration 
losses  decreased  with  frequency  in  site  R  .  This  trend  is  con¬ 
sistent  with  that  obtained  from  the  street- to-building  propagation 
measurements.  The  losses  in  receive  site  R2  are  lower  at  27  MHz 
and  higher  at  49.8  MHz. 

Finally,  if  we  compare  the  building-to-building  penetration 
loss  with  the  stree4-- to-building  penetration  loss  we  can  determine 
the  effects  of  the  additional  building.  Thus,  if  we  subtract  the 
penetration  losses  of  Eq.  (3.1. 2-2)  from  those  of  Eq.  (3. 1.3-1), 
we  get. 


-  V 


4  -  32  dB 
1  -  15  dB 
10  -  25  dB 


at  27  MHz 
at  49.8  MHz 
at  446  MHz. 


(3. 1.3-3) 


Thus,  we  see  that  the  losses  due  to  penetration  of  the  additional 
building  are  not  as  large  as  the  losses  due  to  a  single  building. 
This  small  increase  reflects  the  fact  that  the  transmit  site  in 
•he  high  rise  building  was  near  a  window  since  it  was  not  possible 
• •  ma<e  contact  with  the  receive  site  from  a  location  further 
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inside  the  high  rise.  Thus,  we  conclude  that  the  penetration 
losses  per  building  are  in  the  order  of  those  obtained  from  the 
street-to-building  measurements  (Eq.  3. 1.2-2) 

(or  transmit)  site  is  well  inside  the  building.  However,  when 
the  receive  (or  transmit)  site  is  near  or  at  a  window  facing  the 
transmit  (or  receive)  location,  the  penetration  losses  per  building 
are  more  closely  given  by  those  of  Eq.  (3. 1.3-3). 

3.1.4  Average  Transmission  Loss  in  Intrabuilding  Propagation 

The  types  of  intrabuilding  measurements  made  can  be 
divided  into  four  groups:  a)  transmission  along  corridors; 
b)  transmission  between  above  ground  floors;  c)  transmission 
between  a  basement  and  above  ground  floors;  and  d)  transmission 
in  stairwells  and  along  elevator  shafts.  Hence,  we  will  con¬ 
sider  the  average  transmission  loss  for  each  of  these  cases 
separately . 

3 . 1 . 4 . 1  Averace  Transmission  Loss  Alone  Corridors 

Transmission  loss  curves  for  the  intrabuiidir.g 
measurements  in  various  corridors  are  shown  in  Figs.  3. 1.4-1, 

3. 1.4-2,  and  3. 1.4-3  as  a  function  of  distance  along  the 
corridors.  The  curves  of  Figs.  3. 1.4-1  and  3. 1.4-2  represent 
the  transmission  loss  at  the  three  test  frequencies  in  a  straight 
and  a  winding  corridor  in  an  office  building  with  concrete  walls. 
The  curves  of  Fig.  3. 1.4-3  represent,  on  the  other  hand,  the 
transmission  loss  at  27  MHz  in  four  different  corridors:  A 
and  B  correspond  to  the  transmission  loss  in  two  corridors 
with  gypsum  walls 'while  C  and  D  correspond  to  the  transmission 
loss  in  a  winding  and  a  straight  corridor  with  cinder  block 
walls,  respectively. 

The  curves  of  Figs.  3. 1.4-1  and  3. 1.4-2  show  that  the 
transmission  loss  in  dB  increases  linearly  with  distance.  This 
indicates  that  the  distance  dependence  of  the  average  transmission 
loss  is  exponential  (as  defined  in  Eq.  3.1-3)  which  is  charac¬ 
teristic  of  a  lossy  waveguide  type  of  propagation  mechanism. 
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FIGURli  3. 1.4-3  Median  Transmission  Loss  Along  Various  Corridors 
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The  losses  are  due  to  the  finite  conductivity  of  the  walls  of 
the  'waveguide'  (i.e.,  corridor).  The  slope  of  the  curves  is 
defined  as  the  loss  rate  and  is  seen  to  be  nearly  equal  for  the 
three  test  frequencies  but  varies  from  one  corridor  to  another. 
This  suggests  that  the  loss  rate  is  determined  by  the  geometry 
of  the  corridor.  In  addition,  the  transmission  loss  varies  from 
one  frequency  to  another  which  indicates  that  the  loss  is  also 
dependent  on  the  material  composition  of  the  walls. 

Since  the  average  transmission  loss  varies  linearly  with 
distance  along  the  corridor,  it  can  be  written  as 


L(x)  =  Lo  +  SX  (3. 1.4-1) 

* 

where  S  is  the  transmission  loss  rate  which  varies  from  one 
corridor  to  another  and  from  one  frequency  to  another.  From 
Figs.  3. 1.4-1  we  see  that  for  the  straight  corridor 
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V. 


s  = 


and , 


6.9  dB/10  meters 
6.9  dB/10  meters 
5.4  dB/10  meters 


at  27  MHz 
at  49.8  MHz 
at  446  MHz 


r  50.7  dB 
Lq  -  /  52.5  dB 

L  41.0  dB 


at  27  MHz 
at  49.8  MHz 
at  446  MHz 


(3. 1.4-2) 


(3. 1.4-3) 


which  shows  that  both  the  transmission  loss  and  loss  rate  are 
higher  at  VHF  (27  and  49.8  MHz)  than  at  UHF  (446  MHz).  This  is 
most  likely  due  to  the  fact  that  the  dimensions  of  the  corridor 
(~  2m  by  3m)  are  in  the  order  of  a  half-wavelength  at  the  VHF 
frequencies  (X  =  11  m  at  27  MHz)  but  greater  than  the  wavelength 
at  the  UHF  frequencies.  Similarly,  from  Fig.  3. 1.4-2  we  see  that 
for  the  winding  corridor. 
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8.3  dB/10  meters 
9.8  dB/10  meters 
10.2  dB/10  meters 


at  27  MKz 
at  49.8  MHz 
at  446  MHz 


L  = 
o 


at  27  MHz 
at  49.8  MHz 
at  446  MHz 


(3. 1.4-4) 


(3. 1. 4-5) 


which  shows  that  the  loss  rate  is  greater  for  a  winding  corridor 
than  a  straight  one  as  expected.  Furthermore,  if  we  compare  the 
average  transmission  losses  at  a  distance  of  20.  meters  we  can  de¬ 
termine  the  losses  due  to  a  single  turn  {at  approximately  10  meters) 
in  a  corridor.  Thus,  if  and  are  the  losses  at  a  distance  of 
20  meters  in  the  winding  and  the  straight  corridors,  then, 


hi  LS 


5.6  dB 
1.8  dB 
30.7  dB 


at  27  MHz 

at  49.8  MHz  (3. 1.4-6) 

at  446  MHz 


which  shows  that  the  increase  in  the  losses  due  to  a  bend  in  the 
corridor  is  particularly  significant  at  UHF  (446  MHz)  and  is  in 
the  order  of  30  dB  compared  to  2  to  5  dB  at  lower  VHF  (30-50  MKz) . 


The  effects  of  the  material  composition  of  the  walls  can 
be  determined  from  Fig.  3. 1.4-3  which  shows  the  average  transmission 
loss  at  27  MHz  for  two  corridors  with  gypsum  walls  (A  and  B)  and 
two  corridors  with  cinder  block  walls  covered  with  plaster  (C  and 
D) .  We  see  that  at  a  distance  of  20  meters,  the  transmission 
losses  of  the  four  corridors  are: 


L  = 


108 

dB 

Corridor 

A 

84 

dB 
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dB 
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64 

dB 

Corridor 

D 

(3. 1.4.7) 


where  corridors  B  and  D  are  straight  and  corridors  A  and  C  have 
at  least  one  bend  (the  dimensions  are  given  in  Section  2.6.1  and 


are  approximately  of  the  same  order).  Thus,  we  can  see  that  the 
losses  are  much  greater  in  the  corridor  with  gypsum  walls  due  to 
the  lower  conductivity  (hence,  easier  to  penetrate)  of  this 
material.  The  loss  rate  (slope)  is  nearly  equal  for  the  four 
corridors  at  distances  greater  than  the  wavelength. 

3 . 1 . 4 . 2  Average  Transmission  Loss  Between  Above  Ground  Floors 

Transmission  loss  curves  for  the  transmission 
measurements  between  above  ground  floors  are  shown  in  Figure 
3. 1.4-4  as  a  function  of  the  number  of  floors  between  the 
transmit  and  receive  locations.  The  average  transmission  less  in 
dB  is  seen  to  increase  linearly  with  the  log  of  the  distance 
(number  of  floors)  which  indicates  that  the  received  signal  is 
inversely  proportional  to  a  power  of  the  number  of  floors  trans¬ 
mitted  through.  The  power  is  determined  by  the  slope  of  the 
transmission  loss  curves.  Thus  we  can  write  the  average  trans¬ 
mission  loss  in  dB  as 


L  =  Lq  +  S  log1QN  (3. 1.4-8) 

where  N  is  the  number  of  floors  transmitted  through,  L  is  the 
loss  due  to  transmission  through  one  floor  and  S  is  the  trans¬ 
mission  loss  rate  in  dB/decade.  From  Fig.  3. 1.4-4,  we  see  that 


L  = 
o 


and , 


S  = 


83  dB 
88  dB 


51.3  dB/decade 
25.5  dB/decade 
30.2  dB/decade 


at  27  and  49.8  MHz 
at  446  MHz 


(3. 1.4-9) 


at  27  MHz 

at  49.8  MHz  (3.1.4-10) 

at  446  MHz 


where  a  decade  is  a  ten-fold  increase  in  the  number  of  floors 
transmitted  through.  These  values  indicate  that  the  losses  due 
to  transmission  through  one  floor  are  5  dB  greater  at  UHF  than 
VHF.  However,  as  the  number  of  floors  increase,  the  transmission 
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FIGURE  3. 1.4-4  Median  Transmission  Loss  for  Transmission 
Between  Above  Ground  Floors 


loss  increases  more  rapidly  at  27  MHz.  This  is  probably  due  to 
the  fact  that  the  distance. between  floors  (height  of  the  ceiling 
~  5  meters)  is  in  the  order  of  a  half-wavelength  at  27  MHz 
(A  =  11  meters).  As  the  frequency  increases,  the  distance 
between  floors  becomes  greater  than  a  half-wavelength  resulting 
in  smaller  losses  at  each  ceiling  (and  hence  a  lower  loss  rate) . 
However,  as  the  frequency  increases  further,  the  wavelength  be¬ 
comes  in  the  order  of  the  thickness  of  the  ceiling  (-1-2  feet) 
resulting  in  additional  losses  at  every  ceiling  and  an  increase 
in  the  loss  rate.  It  is  probably  for  this  reason  that  the  loss 
rate  at  446  MHz  is  greater  than  at  49.8  MHz. 


3 . 1 . 4 . 3  Average  Transmission  Loss  Between  Above  Ground  Floors 
and  Basement 


Transmission  loss  curves  for  the  transmission 
measurements  between  above  ground  floors  and  the  basement  are 
shown  in  Fig.  3. 1.4-5  as  a  function  of  the  number  of  floors 
between  the  transmit  and  receive  locations.  As  in  the  previous 
case,  the  transmission  loss  in  dB  increases  linearly  with  the 
log  of  the  distance  (number  of  floors)  between  the  transmit  and 
receive  locations.  Thus  we  may  also  express  the  average  trans¬ 
mission  loss  in  dB  as  in  Eq.  (3. 1.4-8).  From  Figure  3. 1.4-5,  we 
see  that 
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446  MHz 


from  which  we  can  see  that  the  average  transmission  loss  from  the 
first  floor  to  the  basement  (LQ)  is  slightly  lower  than  the 
transmission  loss  through  one  above  ground  floor  (Eq.  3. 1.4-9). 


3-42 


ion  lUitwooii  Above- 


This  could  be  attributed  to  the  fact  that  the  basement  has  a  much 


higher. ceiling  than  the  above  ground  floors.  On  the  other  hand, 
the  loss  rate  (S)  is  higher  for  above  ground  floor- to-basement 
transmission  than  for  transmission  between  above  ground  floors. 
The  increase  in  loss  rate  for  above  ground  floor- to-basement 
transmission  with  respect  to  the  loss  rate  for  transmission 
between  above  ground  floors  is 


AS  = 


/ 

l 


4.7  dB/decade 
19  dB/decade 
19.8  dB/decade 


at  27  MHz 
at  49.8  MHz 
at  446  MHz 


(3.1.4-13) 


which  shows  that  the  increase  in  loss  rate  is  particularly  sig¬ 
nificant  at  the  higher  frequencies  although  the  actual  loss  rate 
is  still  higher  at  27  MHz  for  reasons  previously  indicated. 

3 . 1 . 4 . 4  Average  Transmission  Loss  in  Stairwells  and  Near 

Elevator  Shafts 

Transmission  loss  curves  for  the  transmission 
measurements  in  a  stairwell  and  near  elevator  shafts  are  shown 
in  Figs.  3. 1.4-6  and  3. 1.4-7,  respectively,  as  a  function  of  the 
number  of  floors  between  the  transmit  and  receive  locations. 

The  average  transmission  loss  in  dB  in  a  stairwell  is  seen  to 
vary  linearly  with  distance  (number  of  floors)  at  all  three 
frequencies.  This  implies  that  the  loss  can  be  expressed  as  in 
the  previous  two  situations  by  means  of  Eq.  (3. 1.4-8).  From 
Fig.  3. 1.4-6  we  see  that  in  a  stairwell. 
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FIGURE  3. 1.4-6  Median  Transmission  Loss  for  Transmission 
in  a  Stairwell 
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Thus,  the  loss  due  to  transmission  through  one  floor  (L^)  is  much 
lower  when  both  transmitter  and  receiver  are  in  a  stairwell  (by 
a  factor  of  a  half  at  VHF  and  two  thirds  at  UHF) .  However,  the 
loss  rate  (S)  in  a  stairwell  is  higher  than  when  both  trans¬ 
mitter  and  receiver  are  inside  the  building  away  from  the  stair¬ 
well.  The  reason  for  the  higher  loss  rate  in  a  stairwell 
especially  at  27  MHz  is  that  the  cross-sectional  dimensions  of 
the  stairwell  are  smaller  than  the  length  and  width  of  the 
floors.  The  increase  in  the  loss  rate  in  a  stairwell  with 
respect  to  the  loss  rate  in  the  f loor-to-f loor  transmissions 
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at  27  MHz 
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(3.1.4-16) 


It  should  be  noted,  however,  that  the  losses  in  a  stairwell  are 
still  far  less  than  the  losses  in  the  f loor-to-f loor  trans¬ 
missions  and  do  not  become  comparable  until  the  transmission 
distance  is  well  in  excess  of  50  floors. 

The  transmission  loss  (in  dB)  at  VHF  when  both  trans¬ 
mitter  and  receiver  are  located  near  elevator  shafts  is  seen  to 
vary  linearly  with  the  number  of  floors  separating  the  trans¬ 
mitter  and  receiver  (or  exponentially  with  the  log  N)  while  at 
UHF  it  varies  with  the  log  of  the  distance.  The  reason  for  this 
fundamental  difference  in  the  distance  dependence  is  that  at  VHF 
the  dimensions  of  the  elevator  shaft  are  much  smaller  than  the 
wavelength  so  that  the  elevator  shaft  acts  as  an  undersized 
waveguide.  Thus,  the  propagating  signal  decays  exponentially 
(linearly  in  dB) .  At  UHF,  however,  the  dimensions  of  the 
elevator  shaft  are  greater  than  the  wavelength  so  that  the 
elevator  shaft  affects  the  signal  in  the  same  manner  as  a  stair¬ 
well  . 
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The  transmission  loss  at  446  MHz  may  again  be  repre¬ 
sented  by  Eq.  (3. 1.4-8)  with 


L  =  52.  dB 
o 

S  =52.6  dB/decade 


(3.1.4-17) 


which  shows  that  the  loss  at  446  MHz  due  to  transmission  through 

one  floor  (L  )  is  smaller  near  elevator  shafts  than  in  a  stair- 
o 

well  and  much  smaller  than  when  there  are  no  elevator  shafts 
or  stairwells.  However,  the  loss  rate  is  much  greater  owing  to 
the  smaller  dimensions  of  the  elevator  shafts. 

At  VHF ,  the  transmission  loss  near  elevator  shafts  may 
be  expressed  as , 


L  =  L  +  SN  (3.1.4-18) 

where  S  is  the  loss  rate  in  dB/floor,  N  is  the  number  of  floors, 
and  Lg  +  S  =  Lq  is  the  transmission  loss  through  one  floor. 

From  Fig.  3. 1.4-7,  we  see  that 


L 


O 


61  dB 
69  dB 


at  27  MHz 
at  49.8  MHz 


(3.1.4-18) 


and 


S  = 


3.4  dB/floor 
4.3  dB/floor 


at  27  MHz 
at  49.8  MHz 


(3.1.4-19) 


which  shows  that  both  the  loss  rate  and  loss  due  to  transmission 
through  one  floor  increase  with  frequency. 

Although  the  loss  rate  near  elevator  shafts  is  greater 
than  the  floor- to- floor  transmission  loss  rate  (Eq.  3.1.4-10), 
the  average  transmission  loss  near  elevator  shafts  is,  up  to 
transmissions  through  20  floors,  still  well  below  both  the  trans 
mission  loss  between  above  ground  floors  and  above  ground  floors 
to  basement. 
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3.2 


Correlation  Analysis 


In' this  section,  we  obtain  estimates  of  the  correlation 
between  the  data  obtained  with  diversity  antennas.  The  types 
of  diversity  reception  investigated  were  field  diversity  at 
27  MHz  and  49.8  MHz  and  space  diversity  at  49.8  MHz  and  446  MHz. 
The  correlation  coefficient  for  a  narrow  band  Gaussian  pro¬ 
cess  (which  is  the  model  of  the  received  signal  in  an  urban 
or  suburban  environment)  is  a  complex  number  of  magnitude 
| r |  and  phase  Q.  The  measured  data  were  the  received  power, 
a  real  number.  Thus,  we  can  only  determine  the  real  corre¬ 
lation  coefficient,  p,  between  the  envelopes  (or  amplitudes) 
of  the  two  received  signals.  However,  p  is  approximately 
equal  to  the  square  of  the  correlation  between  the  two  com¬ 
plex  signals  (amplitude  and  phase)  defined  as  r  in  the  intro- 

2 

duction  [e.g.,  Jakes,  1974].  The  exact  and  p  -  r  approxi¬ 
mations  are  plotted  in  Figure  3.2-1. 


The  envelope  correlation,  a,  of  two  random  variables, 
x  and  y,  is  similar  to  that  defined  in  Eq.  (3.0-4)  where  x  and 
y  now  represent  only  the  amplitude  of  the  two  received  signals. 
When  a  sufficiently  large  number  of  samples  of  each  random 
variable  is  available,  the  ensemble  averaging  may  be  replaced 
by  an  average  over  the  set  of  samples  {x^}  and  {y^}.  Thu.-, 
if  we  define 


cov  (x,y) 


var  (x)  = 


var  (y)  = 


1 

N 


N 

i 

i=l 


x .  y . 
1 


X  .  .  rr  l  y  . 

i.  \N  *1/ 


(3.2-1) 


(3.2-2) 


(3.2-3) 
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FIGURE  3.2-1  Exact  and  Approximate  Relationship  Between  the 

Envelope  Correlation  c  and  the  Complex  (Amplitude 
and  Phase)  Correlation  r  of  Two  Rayleigh  Fading 
Signals 
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then  an  estimate  of  the  envelope  correlation  coefficient,  p, 
of  the  two  random  variables  is  given  by 


cov  (x, y) 
var(x)  •  var(y) 


\  1/2 


(3.2.4) 


where  r  is  the  amplitude  and  phai.%  correlation  coefficient. 

The  accuracy  of  the  estimate  improves  as  the  number  of 
samples  in  the  set,  N,  increases. 

The  definition  of  the  (envelope)  correlation  coefficient 
by  Eq.  (3.2-4)  is  used  in  this  section  to  determine  the  field 
and  space  (envelope)  correlation  for  each  of  the  sets  (paths) 
of  measurements  described  in  Section  2.  Since  many  of  the  sets 
of  data  were  obtained  in  the  same  propagation  environment  (e.g., 
urban,  suburban,  street- to-building ,  etc.)  but  with  different 
transmit  and  receive  locations,  we  define  the  average  corre¬ 
lation  coefficient  for  a  particular  propagation  environment  as 
a  weighted  sum  of  the  correlation  coefficients  for  each  par¬ 
ticular  path  (set  of  measurements).  Thus, 


P  =  E  w.  p, 

k=l  K  K 


(3.2-5) 


where  M  is  the  number  of  paths  (runs)  tested  in  each  environ¬ 
ment,  the  p^  are  the  correlation  coefficients  for  each  path, 
and  the  w^  are  the  weights.  Since  each  set  of  measurements  is 
independent  from  the  other,  the  weights  should  depend  on  the 
number  of  points  in  each  data  set  and  the  variance  of  each  data 
set  only.  Thus,  each  weighting  factor  is  given  by 


wk  r  M 

Lk  =  l  * 


:k  (x)  •  vark  (y)] 

-j  1/2  r  m 

X)J  Lk=i  vark 


(3.2-6) 
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where  n^  is  the  number  of  data  points  in  the  k'th  set.  Note 
that  when  the  variances  of  all  the  data  sets  (paths)  are  equal, 
the  weights  become 


w 


k 


n 


k 


M 

E 

k=l 


(3.2-7) 


Furthermore,  if  the  covariances  of  all  data  sets  are  also 
equal,  (i.e.,  Pk  =  p  for  all  k) ,  then  the  average  value  of  the 
correlation  coefficient  is  equa^  to  that  of  each  path  as  might 
be  expected. 

In  the  remainder  of  this  section  we  present  values  of 
the  correlation  coefficients  (in  tabulated  form)  for  each  data 
set  in  a  given  propagation  environment,  as  well  as  an  average 
correlation  coefficient  for  the  combined  paths  in  that  environ¬ 
ment. 

Furthermore,  since  many  of  the  data  points  in  each  data 
set  were  taken  at  different  transmitter-receiver  separations, 
it  was  necessary  to  compensate  for  distance  effects  by  defining 
the  correlation  coefficient  in  terms  of  the  normalized  data. 

The  normalization  was  effected  by  assuming  each  data  pair  to  be 
of  the  form 


Pj_(e,d) 

-  fid,) 

(3 

Pi(h,d) 

■  =  hj  g(di) 

where  the  {p^(e,d)}  and  {p^(h,d}}  are  the  measured  received 
signal  levels  (in  Watts  or  milliwatts)  with  the  whip  and  loop 
antennas,  respectively,  for  the  field  diversity  case  at  a 
distance  d^  from  the  emitter.  The  functions  f(-)  and  g(-)  de¬ 
scribe  the  distance  dependence  of  the  data  obtained  with  each 
diversity  antenna.  The  sets  {e^}  and  (h^ }  represent  the 
normalized  values  of  the  envelope  of  the  received  signal.  Thus 
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in  the  field  diversity  case  the  correlation  coefficient  is  de¬ 
fined  as  the  correlation  between  sets  {e.}  and  {h.}  ,  i.e., 

X  X 

,  _  _ cov  (e  ,  h) _  _  cov  ( e  ,  h)  , ->  q> 

eh  r  /  \  ,.n  1/2  o  a.  . 

|var(e)  •  var(h)j  e  h 

A  similar  definition  applies  to  the  space  diversity  case. 

In  order  to  determine  the  effect  of  the  normalization 
on  the  correlation  coefficient,  we  considered  various  types  of 
distance  dependence.  The  most  general  case  considered  (Case  I) 
was  one  in  which  the  distance  dependence  of  the  data  obtained 
with  each  diversity  antenna  was  determined  independently  (Eq. 
(3.1-5)  and  (3.1-6))  so  that  f ( • ) f g ( • ) .  However,  from  physical 
considerations  we  would  expect  the  distance  dependence  of  two 
diversity  antenna  outputs  to  be  identical  (Case  II)  so  that 
f ( • )=g( • ) ,  (Eq.  (3.1-9),  (3.1-10),  and  (3.1-11)).  Finally, 
in  the  case  of  the  street- to-street  propagation  other  types 
of  known  distance  dependence  such  as  inverse  fourth  power 
law  or  inverse  square  law  were  investigated  (Case  III)  where 
appropriate.  The  actual  distance  dependence  for  each  case 
is  indicated  in  the  tables. 

The  tables  of  correlation  coefficients  for  the  field 
diversity  measurements  at  27  MHz  and  49.8  MHz  are  presented 
in  Section  3.2.1.  Similar  tables  for  the  space  diversity 
measurements  at  49.8  MHz  and  446  MHz  are  given  in  Section  3.2.2. 
,  ^  The  implications  of  the  correlation  of  the  data  on  power  and 
)£&>.  signal-to-noise  ratio  gains  which  may  be  realized  by  using 
diversity  reception  in  a  MOBA  environment  are  discussed  in 
Section  3.2.3. 
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3.2.1  Field  Correlation 


Values  of  the  field  correlation  coefficients  at  27  MHz 
and  49.8  MHz  for  the  street-to-street ,  street- to-building , 
building- to-building ,  and  intrabuilding  propagation  measure¬ 
ments  are  given  in  Tables  3.2-1,  3.2-2,  3.2-3,  and  3.2-4,  re¬ 
spectively. 

From  Table  3.2-1  we  see  that  the  field  correlation  co¬ 
efficient  in  a  suburban  area  (Lexington)  varies  from  .52  to  .74 
at  27  MHz  and  from  .07  to  .54  at  49.8  MHz  depending  on  the  pro¬ 
pagation  path.  Weighted  average  values  for  the  field  corre¬ 
lation  coefficient  in  Lexington  are  .58  at  27  MHz  and  .26  at 
49.8  MHz. 

Similarly,  we  can  also  see  from  Table  3.2-1  that  field 
correlation  coefficients  in  an  urban  area  (Boston)  range  from 
.14  to  .90  at  27  MHz  and  from  .61  to  .86  at  49.8  MHz  depending 
on  the  propagation  path.  The  weighted  average  values  are  .76 
at  27  MH2  and  .73  at  49.8  MHz.  These  values  are  greater  than 
the  suburban  average  values  which  is  somewhat  surprising. 
Finally,  if  we  combine  the  urban  and  suburban  data  we  obtain  a 
weighted  average  correlation  coefficient  of  .74  at  27  MHz  and 
.61  at  49.8  MHz. 

The  field  correlation  coefficients  in  a  street-to- 
building  propagation  environment  (Table  3.2-2)  can  be  seen  to 
vary  from  .37  to  .79  at  27  MHz  and  from  .63  to  .90  at  49.8  MHz 
in  a  concrete  wall  building,  and  are  around  .87  at  27  MHz  and 
.32  at  49.8  MHz  in  a  cinder-block  building.  Weighted  average 
values  for  the  reinforced  concrete  building  are  .56  at  27  MHz 
and  .89  at  49.8  MHz.  Weighted  average  values  for  the  two  types 
of  buildings  afe  .79  at  27  MHz  and  .87  at  49.8  MHz.  The  values 
of  the  correlation  coefficients  for  the  street-to-building  pro¬ 
pagation  measurements  are  seen  to  be  larger  than  for  the  street- 
to-street  propagation  measurements  which  indicates  that  fewer 
reflections  occur  in  the  street-to-building  environment.  This 
is  not  surprising  since  the  propagation  paths  are  much  shorter. 
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TABLE  3.2-3 

Field  Correlation  in  Building-to-Buildinq  Propagation 


From  Table  3.2-3,  we  can  see  that  the  field  correlation 
coefficient  for  the  building-to-building  propagation  measurements 
ranges  from  .62  to  .67  at  27  MHz  and  from  .12  to  .68  at  49.8  MHz 
depending  on  the  path.  Weighted  average  values  of  the  field 
correlation  are  around  .63  at  27  MHz  and  .48  at  49.8  MHz.  These 
values  indicate  a  stronger  decorrelation  of  the  electric  and 
magnetic  field  components  than  in  the  previous  two  types  of 
measurements . 

The  field  correlation  coefficients  for  the  intrabuilding 
measurements  are  given  in  Table  3.2-4.  We  see  that  in  the  case 
of  the  measurements  made  along  corridors,  it  varies  from  -.02 
to  .63  at  27  MHz  and  from  .48  to  .68  at  49.8  MHz.  In  the  case 
of  the  measurements  between  above  ground  floors,  it  varies  from 
.50  to  .58  at  27  MHz  and  from  .64  to  .68  at  49.8  MHz.  In  the 
case  of  the  measurements  between  above  ground  floors,  it  varies 
from  .50  to  .58  at  27  MHz  and  from  .64  to  .68  at  49.8  MHz. 
Similarly,  for  the  measurements  between  above  ground  floors  and 
the  basement,  it  varies  from  .83  to  .84  at  27  MHz  and  from 
.67  to  .73  at  49.8  MHz  while  in  a  stairway,  it  varies  from  .22 
to  .30  at  27  MHz  and  from  .42  to  .46  at  49.8  MHz.  Weighted 
average  values  of  all  these  coefficients  are  .39  at  27  MHz 
and  .65  at  49.8  MHz  which  indicate  that  there  is  significant 
field  decorrelation  inside  buildings  on  the  average. 

In  conclusion,  the  average  field  diversity  coefficient 
in  the  various  MOBA  environments  ranges  from  .4  to  .8  at  both 
27  MHz  and  49.8  MHz. 

3.2.2  Spatial  Correlation 

Values  of  the  spatial  correlation  coefficient  (at  varying 
distances)  at  49.3  MHz  and  446  MHz  are  given  in  Tables  3.2-5 
to  3.2-11  for  the  various  types  of  propagation  measurements  de¬ 
scribed  in  Section  2. 

Values  of  the  correlation  coefficient  at  49.8  MHz  for 
two  antennas  3  meters  apart  in  the  street-to-street  propagation 
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Spatial  Coi  relation  at  4lJ.H  MHz  in  Uu i 1 d i mj- to- Uui t d I  mj  1*1' opayu  t  ion 


'ABLE  3.2-9 


TABLE  3.2- 

Spatial  Correlation  at  446  MHz  in 
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100 


environment  are  given  in  Table  3.2-5.  The  spatial  correlation 
coefficient  at  this  distance  is  seen  to  vary  from  .00  to  .71 
in  a  suburban  area  (Lexington)  and  from  .10  to  .74  in  an  urban 
area  (Boston) .  Average  values  of  the  correlation  coefficient 
in  Lexington  and  Boston  are  .35  and  .36,  respectively  while  the 
average  value  for  all  locations  is  .35. 

Similar  values  for  the  spatial  correlation  coefficient 
at  446  MHz  for  two  antennas  separated  by  distances  of  50  cm 
and  100  cm  are  given  in  Table  3.2-6.  At  distances  of  50  cm, 
they  are  seen  to  range  from  .12  to  .64  in  a  suburban  area 
(Lexington)  and  from  .27  to  .79  in  an  urban  area  (Boston) . 

4 

Average  values  in  Lexington  and  Boston  are  .43  and  .54  respec¬ 
tively  while  the  average  value  for  all  locations  is  .52.  At 
distances  of  100  cm,  the  spatial  correlation  coefficient  ranges 
from  .00  to  .28  in  Lexington  and  from  .11  to  .71  in  Boston. 
Average  values  in  Lexington  and  Boston  are  .02  and  .34  re¬ 
spectively  while  the  average  value  for  all  locations  is  .27. 

Values  for  the  spatial  correlation  at  446  14 Hz  in  the 
case  of  street-to-building  propagation  and  for  antennas  50  cm 
and  100  cm  apart  are  given  in  Table  3.2-7.  The  spatial  corre¬ 
lation  at  distances  of  50  cm  is  seen  to  vary  from  -.13  to  .54 
with  an  average  value  of  .25.  At  a  correlation  distance  of 
100  cm,  the  correlation  coefficient  is  -.01  which  indicates 
complete  decorrelation.  Street- to-building  spatial  correlation 
measurements  at  49.8  MHz  were  not  made. 

Table  3.2-8  gives  values  of  the  spatial  correlation  at 
49.8  MHz  of  two  receiving  antennas  located  4.5  meters  apart  for 
the  case  of  building-to-building  propagation.  The  correlation 
coefficient  is  seen  to  vary  from  -.04  to  .33  with  an  average 
value  of  .19  for  all  locations  and  types  of  receiving  antennas. 
Similarly,  Table  3.2-9  gives  values  of  the  spatial  correlation 
at  446  MHz  for  diversity  antennas  located  50  cm  and  350  cm 
apart  for  the  case  of  building- to-building  transmission.  At 
distances  of  50  cm,  the  correlation  coefficient  is  seen  to 
range  from  -.02  to  .62  with  an  average  value  for  -all  locations 
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of  .33,  while  at  distances  of  350  cm,  it  varies  from  -.16  to 
.38  with  an  average  value  of  .20  for  all  locations. 

Spatial  correlation  values  at  49.8  MHz  for  diversity 
antennas  located  4.5  m  apart  are  given  in  Table  3.2-10  for  the 
intrabuilding  measurements.  These  values  range  from  .10  to  .41 
for  the  transmissions  between  above  ground  floors  with  an  average 
value  of  .25.  For  the  basement- to-above  ground  transmissions, 
it  ranges  from  .66  to  .73  with  an  average  value  of  .69.  The 
average  value  for  all  intrabuilding  transmissions  is  .32.  The 
corresponding  correlation  values  at  446  MHz  for  diversity 
antennas  50  cm  and  100  cm  apart  are  given  in  Table  3.2-11.  At 
a  correlation  distance  of  50  cm,  these  values  range  from  .32 
to  .68  for  transmissions  between  above-ground  floors;  from  .36 
to  .71  for  transmissions  frcm  a  basement  to  above-ground  floors; 
from  .16  to  .40  for  transmissions  near  elevator  shafts;  and  from 
.10  to  .57  in  corridors.  The  average  value  for  all  these  measure¬ 
ments  is  .29.  Similarly,  at  correlation  distances  of  100  cm, 
the  correlation  coefficient  for  measurements  between  above-ground 
floors  range  from  -.19  to  .55  with  an  average  value  of  .20. 

In  conclusion,  the  average  spatial  correlation  coefficient 
at  446  MHz  for  diversity  antennas  50  cm  apart  ranges  from  .25 
to  .5  for  the  various  moba  environments,  and  from  .00  to  .30 
for  diversity  antennas  100  cm  apart.  Similar  correlation  values 
at  49.8  MHz  are  obtained  at  correlation  distances  of  3  and  4.5 
meters.  The  implications  of  the  correlation  values  determined 
in  this  section  are  discussed  in  the  remainder  of  Section  3.2. 

3.2.3  Diversity  Gain  vs.  Correlation 

Having  determined  the  correlation  between  the  outputs 
of  radio  receivers  employing  field  (VHF)  and  spatial  (VHF/UHF' 
dual  diversity,  we  now  discuss  the  gains  that  may  be  realized  by 
using  such  a  system.  The  improvement  (gain)  may  be  explained 
in  terms  of  the  minimum  average  signal-to-noise  ratio  required 
to  achieve  a  certain  level  of  performance.  For  a  fixed  trans¬ 
mitted  power,  the  average  signal-to-noise  ratio  at  the  receiver 
decreases  with  transmitter-receiver  separation  so  that  the 
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a  local  (short  term)  mean  signal  level,  S  .  These  amplitude 

o 

fluctuations  have  been  shown  to  be  closely  approximated  by  the 
Rayleigh  distribution  [Clarke,  1968  and  Cans  1972].  Further¬ 
more,  examination  of  the  strip-chart  recordings  also  shows  that 
the  local  mean  signal  level,  S  ,  varies  at  a  slower  rate  over 
larger  distances  and  hence  longer  periods.  These  large  area 
variations  in  the  mean  have  been  found  to  be  lcgnormaiiy  dis¬ 
tributed  about  a  'global'  mean,  also  known  as  the  median  signal 
level,  Sq  [Longley,  1976  and  Okumura,  1968].  We  have  used  this 
statistical  description  of  the  signal  amplitude,  /2S ,  and  its 
mean  level,  S  ,  to  derive  the  probability  that  the  output  of  a 
dual  selection  diversity  receiver  is  below  threshold  (see  Appen¬ 
dix  III),  i.e.,  P(S<ST),  as  a  function  of  the  threshold  level 
normalized  to  the  median  signal  level  in  a  single  diversity 
branch,  St/Sq,  and  for  various  values  of  the  correlation,  r, 
between  the  signals  in  the  two  diversity  branches.  Note  that 
the  ratio  Sq/St  is  the  median  (or  global  average)  signal-to- 
noise  ratio  in  each  diversity  branch.  In  deriving  these  results 
it  was  assumed  that  the  median  signal- to-noise  ratio  in  the  two 
diversity  branches  is  the  same.  This  is  a  reasonable  assumption 
in  an  environment  dominated  by  ambient  noise  even  if  the  two 
antenna  gains  are  not  equal. 

Plots  of  the  probability  that  the  received  signal  be 
below  threshold  for  various  correlation  values  are  shown  in 
Figures  3.2-2  and  3.2.3.  The  curves  of  Figure  3.2-2  correspond 
to  the  case  in  which  the  local  mean  signal  level  in  each  branch 
is  constant,  i.e.,  s0=s0  (pure  Rayleigh  fading),  while  the  curves 
of  Figure  3.2-3  are  for  the  case  in  which  the  local  mean  signal 
level  in  each  branch  varies  according  to  the  lognormal  dis¬ 
tribution  with  a  standard  deviation  i  =  8  dB  (typical  of  MOBA 
environments) .  A  correlation  value  of  r  =  1  corresponds  to  the 
case  of  perfect  correlation  or  no  diversity  reception. 

If  we  define  the  desired  level  of  performance  as 
P(S<ST)  <_  10  ,  then  we  can  see  from  Figure  3.2-2  that  for  pure 

Rayleigh  fading,  the  minimum  median  signal-to-noise  ratio, 
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S  /S,p /  required  when  no  diversity  is  used  (r  =  l)  is  20  dQ.  A 
system  using  dual  selection  diversity  will  require  10.2  dB 
lower  median  signal-to-noise  ratio  (i.e.,  Sq/St  =  9.8  dB) ,  if 
the  two  branches  are  uncorrelated  (r=0)  and  8.8  dB  lower  signal- 
to-noise  ratio  (i.e.,  So/ST  =  11.2  dB)  if  the  correlation  be¬ 
tween  the  branches  is  .7.  This  implies  that  if  the  path  loss 
increases  with  distance  at  a  rate  of  40  dB/decade,  then  the 
range  of  a  system  employing  dual  selection  diversity  will 
increase  by  a  factor  of  1.8  if  the  two  branches  are  uncorrelated 
and  by  a  factor  of  1.66  if  the  correlation  between  the  branches 
is  .7.  If  the  path  loss  increases  at  a  rate  of  20  dB/decade, 
the  range  wilj.  increase  by  a  factor  of  3.2  (r=--0)  and  2.75 
(r=. 7)  respectively.  The  increase  in  range  due  to  the  diversity 
gain  is  shown  in  Fig.  3.2-4  as  a  function  of  the  rate  of  in¬ 
crease  of  the  path  loss  and  for  various  correlation  values. 

When  the  mean  signal  level  varies  randomly  (cr  =  8  dB) 
the  required  median  signal-to-noise  ratios  for  a  performance 
level  of  P(S<ST)  <_  10~2  are  27  dB  (r=l)  ,  21.2  (r=.7),  and 
20.2  (r=0 )  for  the  no  diversity,  correlated  diversity,  and  un¬ 
correlated  diversity  receivers,  respectively.  The  increase  in 
the  range  is  in  the  order  of  1.4  ( r= . 7 )  to  1.48  (r=0)  if  the 
path  loss  increases  at  a  rate  of  40  dB/decade,  and  in  the  order 
of  1.95  (r=. 7)  to  2.2  (r=0)  if  the  path  loss  increases  at  a  rate 
of  20  dB/decade  (see  Fig.  3.2-4). 

The  use  of  diversity  not  only  increases  the  range  of  a 
fixed  power  transmitter  but  also  reduces  the  average  duration 
of  the  fades,  i.e.,  the  fraction  of  time  that  the  received  sig¬ 
nal  is  below  threshold.  Note  that  the  average  fade  duration  has 
-he  dimension  of  time  and  is  not  the  same  as  the  probability  of 
‘  •" ■  •-  received  signal  being  below  threshold.  However,  they  are  both 
'•-nted  as  shown  in  Appendix  III.  The  corresponding  curves 
"he  product  of  the  average  fade  duration,  Tp,  and  the  fade 

radians  per  second,  27rfD,  for  the  case  of  pure  Rayleigh 

and  Rayleigh-lognormal  fading  (with  a  -  8  -dB)  are  shown 
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PftTrt  Loss  R*Tt  OP  u>i T\\  b‘\STh<0ce  C<te/ eU-ccude  ) 

FIGURE  3.2-4  Increase  in  Range  due  to  Diversity  Gain  as  a  Function  of  Path  Loss 
Rate  (Power  Law)  and  Correlation 


in  Figures  3.2-5  ar.  3.2-6  as  a  function  of  the  correlation, 
r=  and  the  median  signal- to-noise  ratio,  Sq/St.  The  fading 

rate,  f  ,  depends  on  the  frequency  and  the  velocity  at  which 
the  receiver  is  moving  relative  to  the  transmitter  and  is 
given  by  (Jakes,  1974] 


where  X  is  the  wavelength  and  c  is  the  speed  of  light.  Note 
that  if  the  transmitter  and  receiver  are  stationary,  the  fade 
rate  is  zero  and  the  average  fade  duration  is  either  zero  or 
infinite  depending  on  whether  the  received  signal  level  is 
above  or  below  threshold. 

Thus,  in  a  fixed  power  link  with  median  signal-to-noise 
ratio,  Sq/St,  of  20  dB ,  the  fade  durations  are  reduced  by  a 
factor  of  2  when  dual  selection  diversity  with  correlation 
between  the  branches  as  high  as  .9  is  used  and  the  fading  is 
pure  Rayleigh.  When  the  mean  signal  level  also  fades  (a  =  8  dB) , 
the  fade  duration  is  reduced  by  a  factor  of  1.5  if  the  corre¬ 
lation  between  the  branches  is  .7  and  by  a  factor  of  1.6  if  the 
branches  are  uncorrelated  (r=0) . 
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FIGURE  3.2-5  Normalized  Fade  Duration,  T  ,  vs.  Threshold  Level, 
S  ,  for  Correlated  Dual  Selection  in  Pure  Rayleigh 


FIGURE  3.2-6  Normalized  Fade  Duration,  T  ,  vs.  Threshold  Level 

Correlated  Dual  Selection  Diversity  in 
-Lognormal  Fading 


ST,  for 
Rayleigh 


3 . 3  Extension  of  Existing  Path  Loss  Model 


In  this  section  we  make  use  of  the  results  of  our  measure¬ 
ments  described  in  earlier  sections  to  extend  the  current  data 
base  in  the  literature.  A  number  of  prediction  methods  for 
estimating  the  propagation  path  loss  at  VHF  and  UHF  over 
irregular  terrain  have  been  reported  in  the  literature.  These 
may  be  broadly  classified  as  empirical,  [Egli,  1957]  and 
[Okumura,  1968],  and  semi  theoretical  [Edwards  and  Durkin,  1969] 
and  [Blomquist  and  Ladell,  1974].  Path  loss  prediction  tech¬ 
niques  for  receivers  located  in  urban  and  suburban  areas  are 
not  well  documented  however.  Of  the  previously  mentioned  tech¬ 
niques,  only  Okumura's  [1968]  model,  which  is  empirical  in 
nature,  is,  in  our  opinion,  useful  as  a  propagation  prediction 
technique  for  receivers  located  in  urban  and  suburban  areas. 

This  model  is  intended  for  use  with  tall  (base  station)  antennas 
far  from  the  receiver.  The  basic  method  involves  the  reading 
of  values  from  numerous  correction  curves  and  adding  or  sub¬ 
tracting  these,  depending  upon  the  context,  to  the  free  space 
propagation  loss.  The  methods  of  determining  the  various 
correction  factors  are  limited  to  applications  involving  radio 
links  operating  at  frequencies  above  150  MHz  and  over  ranges 
greater  than  approximately  10  Km.  Thus  we  will  use  the  results 
of  our  measurements  and  Okumura’s  curves  to  derive  new  extended 
curves  to  predict  path  loss  between  low  elevation  antennas  (2 
meters)  at  frequencies  between  30  MHz  and  1000  MHz  and  for 
distances  ranging  from  100  meters  to  several  kilometers. 

The  Okumura  model  basically  predicts  path  loss  according 
to  the  formula 


L(f,d)  =  L  ( f ,  d )  +  A  ( f.,d)  -  H.  (h  ,d)  -  H(h  ,f) 
o  m  b  t  m  r 


-  Kac  -  Kso 
al 


(3.3-1) 
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where  all  quantities  are  in  dB ,  and 

LQ(f,d)  is  the  free  space  propagation  loss  as 
defined  in  Eq.  (3. 1.1-2). 

A  (f,d)  is  the  median  attenuation  relative  to  free 
m 

space  in  an  urban  area  where  the  effective 
base  station  antenna  height,  ht#  is  200  meters 
and  the  receiver  antenna  height,  h  ,  is  3 
meters.  These  values  are  expressed  as  a 
function  of  distance  and  frequency  and  can 
be  obtained  from  Fig.  3.3-1. 

Hb(ht,d)  is  the  base  station  height-gain  factor  ex¬ 
pressed  in  decibels  relative  to  a  200-meter- 
high  base  station  antenna  in  an  urban  area. 

This  function  is  dependent  upon  range  and 
has  been  plotted  in  Fig.  3.3-2. 

Hm(hr,f)  is  the  mobile  height-gain  factor  expressed 
in  decibels  relative  to  a  3-meter-high 
mobile  antenna.  This  factor  is  dependent 
upon  frequency  and  has  been  plotted  in 
Fig.  3.3-3. 

K/  \  is  "the  along  or  across  street  correction 

I  aC  l 

Vail/  factor"  for  urban  areas.  This  factor  is 

dependent  upon  range  and  is  plotted  in 
Fig.  3.3-4. 

K  -  is  the  correction  factor  for  suburban  and 

so 

open  terrain  which  is  plotted  in  Figs. 

3.3-5a  and  3.3-5b. 

In  order  to  determine  whether  Okumura's  prediction  curves 
can  be  extended  to  shorter  distances,  lower  frequencies  and 
lower  elevation  antennas,  we  need  to  first  compare  his  pre¬ 
diction  curves  with  our  results  at  a  common  point,  e.g.,  at 
a  frequency  of  446  MHz,  distance  of  1  Km,  and  between  2  m  high 


3-80 


3-81 


Bom  SioIicx  ER»cli*»  AnUrro  fc.  (m) 


FIGURE  3.3 


-2  Prediction  Curves  for  Base  Station  Antenna 
Height  Gain  Factor  Referred  to  h  =200  m, 
as  a  function  of  distance  " ' 


(from  Okumura,  1968) 


(from  Okumura,  1968) 


OpwA/vo  Cor/tcllon  foci  of  O,.  O. 


antennas.  Since  Okumura's  curves  give  the  median  path  loss 

for  all  locations  at  a  given  distance  and  frequency,  we  have 

averaged  the  path  loss  for  all  five  urban  and  suburban  'runs' 

described  in  Section  3.1  and  in  Figures  3. 1.1-1  to  3. 1.1-6. 

The  path  loss  averaged  over  all  locations  is  shown  in  Figure 

-6  at  the  three  test  frequencies.  Thus,  we  can  see  from 

Fig.  3.3-6  that  the  average  path  loss  at  446  MHz  at  a  distance 

of  1  km  is  131  dB  (or  45.6  dB  above  the  free  space  loss) . 

From  Okumura's  curves  we  get  that  A  =  17.8  dB ,  H,  =  27.2  dB 

(by  extrapolating  curve  for  c  -  1  Km  to  a  base  station  antenna 

height  of  2m),  and  H  =  -2.0  dB ,  so  that  the  path  loss  pre- 

m 

dieted  by  Okumura's  model  is  47.0  dB  above  the  free  space 
loss.  Thus,  our  path  loss  curve  at  446  MHz  is  v/ell  in  agree¬ 
ment  with  Okumura's  prediction.  At  frequencies  below  150  MHz, 
the  curves  of  Okumura  give  a  constant  attenuation  above  the 
e  space  loss.  This  implies  that  the  path  loss  decreases 
with  the  square  of  the  frequency  (see  Eq.  (3.1.1— 2) )  ,  or  in  dB 
at  a  rate  of  20  dB/decade,  so  that  the  difference  in  path  loss 
at  400  MHz  and  40  MHz  is  20  dB.  Our  results  do  not  exhibit 
such  marked  frequency  dependence  but  a  rather  weak  one.  The 
reason  for  the  discrepancy  is  the  difference  in  antenna  heights 
'  ween  our  measurements  and  those  of  Okumura.  When  the  base 
station  antenna  height  is  much  greater  than  the  wavelength 
(as  is  the  case  in  Okumura's  curves)  and  the  distance  is  short 
enough,  the  path  loss  is  more  likely  to  be  equal  to  the  free 
space  loss  plus  some  additional  diffraction  loss  due  to  the 
presence  of  buildings  around  the  receiving  (mobile)  antenna. 

However,  as  the  base  station  antenna  height  decreases  to  a 

•A 

height  below  that  of  the  immediate  surroundings,  then  there 
is  likely  to  be  more  than  one  diffraction  path  between  the 
base  station  and  the  receiving  antenna  resulting  in  a  path 
loss  which  exhibits  weak  frequency  dependence  and  a  40  dB/ 

<-  ade  increase  in  path  loss  with  distance  as  exhibited  by 
our  measurements. 


© 
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From  these  arguments,  we  have  concluded  that  the  path 
loss  in  urban  and  suburban  areas  between  low  elevation  antennas 
is  better  approximated  by  the  formula 

L  =  L  (d)  +  LD(f)  -  Ht(ht,f)  -  Hr(hr,f)  (3.3-2) 

+  Ku,s(f'd)  +  LB(f) 
where  all  quantities  are  in  dB  and, 


Lp(d) 


is  the  plane-earth  path  loss  between  two 
antennas  each  2  m  high  and  which  is  defined 
by  Eq.  ( 3 . 1 . 1-1) . 


( f )  is  an  environmental  clutter  factor  which 

varies  with  frequency  and  accounts  for  the 
average  effect  of  the  buildings  and  trees. 

Our  estimate  of  this  factor  from  our  data  is 
shown  in  Fig.  3.3-7. 

H  (h  , f)  and  Hr(hr,f)  are  the  transmitting  and  receiving 
antenna  height  gain  factors  expressed  in  dB 
relative  to  2  meter  transmitting  and  receiving 
antenna  heights,  hfc  and  hr  respectively. 

These  factors  also  depend  on  the  frequency 
and  are  shown  in  Fig.  3.3-8. 


K  (f,d)  is  a  highly-built-up  area  (urban)  or  medium- 
U  /  s 

built-up  area  (suburban  or  along  street  urban 
transmission)  correction  factor.  The  highly- 
built-up  area  correction  factor  is  inde¬ 
pendent  of  frequency  but  varies  depending  on 
whether  both-  the  transmit  and  receive  location 
are  on  a  siclewalk  or  not.  The  medium-built-up 
area  correction  factor  Kg  also  applies  to  the 
case  of  transmission  along  urban  streets  and 
varies  with  frequency.  These  correction  factors 
have  been  obtained  from  our  data  and  are  shown 
in  Fig.  3.3-9. 
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LQ(f)  is  a  correction  factor  for  the  case  in  which 

the  transmitter  or  receiver  is  located  inside 
a  building  and  accounts  for  the  building  pene¬ 
tration  loss.  It  varies  with  frequency  and  is 
given  by  Eq.  (3. 1.2-1)  when  the  transmitter 
(or  receiver)  is  in  a  basement;  Eq.  (3. 1.2-2) 
when  it  is  in  an  above-ground  floor  but  not 
near  a  window;  and  by  Eq.  (3. 1.3-3)  when  it  is 
in  an  above-ground  floor  close  to  a  window. 

The  distance  dependence  of  the  path  loss  is  essentially 

the  plane  earth  path  loss,  L  (d) ,  which  is  40  dB/decade 
with  some  minor  corrections  introduced  by  the  urban  and  sub¬ 
urban  correction  factors,  and  Kg  respectively.  The  basic 
path  loss  above  the  plane-earth  loss  has  been  derived  from  the 
'ta  in  Fig.  3.3-6  and  is  given  by  the  environmental  clutter 
j-actor,  LD  ( f )  .  This  factor  is  seen  to  be  constant  (30  dB)  in 
the  70  to  300  MHz  range.  Above  300  MHz,  it  increases  at  a  10  dB/ 
decade  rate  because  at  these  frequencies  the  terrain  variations, 
tree  heights,  and  mean  building  heights  in  the  area  become 
much  larger  than  the  wavelength  and  diffraction  due  to  these 
'Stacies  becomes  significant.  At  frequencies  below  60  MHz, 
tne  clutter  factor  decreases  significantly  with  frequency. 

The  reason  for  this  effect  is  that  at  these  frequencies  there 
is  a  surface  or  ground  wave  which  propagates  along  the  ground 
and  whose  attenuation  increases  with  frequency.  At  lower  VHF 
and  lower  frequencies,  this  wave  is  stronger  (or  less  attenu¬ 
ated)  than  the  waves  diffracted  over  and  around  buildings. 

This  is  the  main  reason  for  the  difference  in  the  path  losses 
at  27  MHz,  49.8  MHz,  and  446  MHz  shown  by  Fig.  3.3-6.  The 
effects  of  changing  the  antenna  height  are  determined  from 
Fig.  3.3-8.  These  curves  have  not  been  derived  from  our  data 
t  we  have  used  theoretical  considerations  as  well  as  the 
data  of  Okumura  to  determine  them.  The  height  gain  is  basically 
20  dB/debade  and  is  the  same  as  that  exhibited  by  the  plane 
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earth  path  loss  (theoretical  consideration) .  The  frequency 
dependence  is  due  to  the  presence  of  the  surface  or  ground 
wave  and  its  height  gain  effects  have  been  discussed  in  a 
previous  report  [Ehrman  and  Pari,  1977].  Finally,  the  urban 
and  suburban  correction  factors  have  been  derived  from  our 
data  and  account  for  the  difference  in  the  path  losses  en¬ 
countered  between  the  three  urban  and  two  suburban  paths  where 
we  made  our  measurements.  The  suburban  correction  factor  also 
applies  to  urban  paths  where  both  transmitter  and  receiver  are 
on  a  radial  distance  along  the  same  street.  The  urban  correction 
factor  applies  to  the  case  where  both  transmitter  and  receiver 
are  surrounded  by  structures  (buildings)  many  wavelengths  high. 

At  lower  VHF ,  this  condition  implies  that  the  buildings  must 
be  on  the  average  at  least  5  to  6  stories  high,  where  as  at 
lower  UHF  the  buildings  need  only  average  two  to  three  stories 
for  the  condition  to  be  met.  Thus,  this  condition  may  also  be 
met  by  some  suburban  areas  at  lower  UHF.  This  model  is  very 
much  similar  to  that  proposed  by  Allsebrook  and  Parsons  [1977] 
but  it  is  more  complete  in  the  sense  that  it  includes  correction 
factors  for  the  different  environments.  A  more  detailed  dis¬ 
cussion  of  the  Allsebrook-Parsons  model  is  given  in  the  literature 
update  presented  in  Section  4 . 

As  a  last  remark,  it  should  be  added  that  these  prediction 
curves  only  apply  when  both  antenna  heights  are  below  the  top 
of  the  buildings  and  other  structures  in  the  area.  Thus,  a 
practical  limit  to  the  antenna  height  is  10  to  20  meters. 

When  one  of  the  antenna  heights  is  greater  than  this  limit,  the 
curves  of  Okumura  may  be  extrapolated  to  obtain  a  prediction 
of  the  path  loss. 


Summarizing  the  results  presented  in  this  section,  we 
have  analyzed  the  data  presented  in  Section  2  and  determined 
the  path  or  transmission  loss  (in  dB)  for  the  various  types 


of  propagation  conditions  investigated.  The  path  or  transmission 
loss  was  determined  by  obtaining  a  least-squares-f it  to  the 
received  signal  data  (in  dBm)  and  then  subtracting  the  effects 
of  the  antenna  gains  and  transmitted  power.  In  addition  to  the 
th  or  transmission  loss,  we  also  have  done  a  correlation 
analysis  of  the  data  and  determined  the  field  correlation  co¬ 
efficient  (whip  vs.  loop  correlation)  at  27  MHz  and  49.8  MHz  as 
well  as  the  spatial  correlation  coefficient  at  49.8  MHz  (at 
distances  of  3  m  and  4.5  m)  and  at  446  MHz  (at  distances  of 
50  cm  and  100  cm) . 

The  path  losses  for  each  of  the  street- to-street  pro¬ 
pagation  paths  tested  are  given  in  Figures  3. 1.1-1  through 
3. 1.1-6.  These  path  loss  curves  exhibit  the  following  features: 

•  The  path  loss  for  the  various  locations  tested 
exhibits  distance  dependence  ranging  from  20  dB/ 
decade  to  47  dB/decade.  The  distance  dependence 
for  the  average  path  loss  (over  all  locations) 

•  is  40  dB/decade  at  the  three  test  frequencies 
(see  Figure  3.3-6). 

•  The  path  loss  in  general  increases  with  frequency 
at  all  locations  tested.  The  difference  between 

■path  losses  at  27  MHz  and  49.8  MHz  ranges  from 
2  to  12  dB,  with  the  average  path  loss  difference  ' 
being  8  dB  (Fig.  3.3-6).  Similarly,  the  difference 
between  the  path  losses  at  27  MHz  and  446  MHz 
ranges  from  3  to  27  dB,  with  the  average  path 
loss  difference  being  12  dB .  The  difference 
between  path  losses  at  49.8  MHz  ranges  frcr.  0  to 
27.5  dB,  with  the  average  path  loss  difference 
being  4  dB  (Fig.  3.3-6  and  Fig.  3.3-7)  .  • 
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•  The  difference  in  path  loss  between  a  medium- 
built-up  area  and  a  highly-built-up  area  ranges 
from  2.5  to  30  dB  with  the  smallest  difference 
occurring  at  distances  greater  than  1  Km  and  the 
largest  at  distances  less  than  100  meters  (see 
Fig.  3 .3-9)  . 

•  When  both  transmitter  and  receiver  are  in  a 
highly-built-up  area  and  are  surrounded  by  tall 
buildings,  the  path  loss  can  be  up  to  20  dB 
greater  if  both  transmitter  and  receiver  are  on 
the  sidewalk  (i.e.,  near  a  high  wall)  rather 
than  if  either  transmitter  or  receiver  is  move.! 
away  from  the  wall  to  the  middle  of  the  street 
(see  Fig .  3 . 3-9)  . 

•  Raising  the  antenna  height  above  the  ground 
results  in  a  decrease  in  the  path  loss.  The 
height  gain  is  6  dB/octave  (i.e.,  20  dB/decade) 
as  shown  in  Fig.  3.3-8. 

•  All  these  trends  and  effects  have  been  used  in 
deriving  a  path  loss  prediction  model  in 
Section  3.3. 

The  transmission  losses  for  the  street-to-building  meaam,,. 
ments  are  given  in  Figures  3.1. 2-1  and  3. 1.2-2.  The  differeu. ... 
between  the  transmission  loss  curves  and  the  free  space  loss 
in  dB  is  defined  as  the  building  penetration  loss.  The  follow  i,,u 
conclusions  about  the  penetration  losses  are  reached  from  the.-... 


curves 


The  building  penetration  losses  in  general  deci>. 
as  the  frequency  increases.  However,  since  the 
free  space  loss  increases  with  frequency,  the  t.,i  tl 
street-to-building  transmission  loss  has  a  mini..iMi„ 
at  a  frequency  estimated  to  be  around  50  MHz. 


3-95 


•  The  building  penetration  losses  vary  from  floor 
to  floor  (i.e.,  receiver  floor  location)  in  a 
random  manner  so  that  no  height  gain  (decrease 
in  the  penetration  loss  as  the  receiver  floor 
level  increases)  is  observed. 

•  The  street- to-basement  penetration  loss  in  a 
concrete  wall  building  is  67.5  dB  at  27  MHz, 

58  dB  at  49.8  MHz,  and  52  dB  at  446  MHz. 

•  The  street-to-above-ground-f loor  penetration  loss 
in  a  concrete  wall  building  ranges  from  54  dB  to 
80  dB  at  27  MHz,  from  54  dB  to  68  dB  at  49.8  MHz, 
and  from  38  to  48  dB  at  446  MHz. 

•  The  building  penetration  loss  is  greater  the 
farther  the  receiver  is  inside  the  building. 

•  For  a  building  with  outer  cinder  block  walls  and 
inner  gypsum  walls,  the  penetration  loss  is  61  dB 
at  27  MHz,  44  to  48  dB  at  49.8  MHz,  and  40  to 

58  dB  at  446  MHz.  The  rate  of  increase  in  the 
path  loss  as  the  receiver  location  inside  the 
building  is  farther  away  from  the  transmitter  is 
0  dB/decade  at  27  MHz  (i.e.,  there  is  no  additional 
loss  due  to  inside  walls),  20  dB/decade  at  49.8  MHz, 
and  80  dB/decade  at  446  MHz. 

The  transmission  losses  for  the  building- to-building 
nsurements  are  given  in  Figures  3. 1.3-1  and  3. 1.3-2.  Defining 
two-building  penetration  loss  as  the  difference  between  the 
■  1  imc-to-building  transmission  loss  and  the  free  space  loss 
,  we  reach  the  following  conclusions: 
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•  The  two-building  penetration  loss  exhibits  no 
height  dependence,  i.e.,  on  the  average  it  i^ 
independent  of  the  difference  in  floor  levels 
at  the  transmitting  and  receiving  ends. 

•  The  two-building  penetration  loss  ranges  from 
57.5  to  86  dB  at  27  MHz,  from  65  to  77  dB  at 
49.8  MHz, 'and  from  58  to  64.5  dB  at  446  MHz. 

•  Since  the  transmit  location  in  one  of  the  buildings 
was  near  a  window  we  can  get  an  estimate  of  the 
(one  building)  penetration  loss  when  the  receiver 
(or  transmitter)  is  near  a  window  by  subtracting 
the  (one)  building  penetration  loss  (for  the  con¬ 
crete  wall  building)  from  the  two-building  pene¬ 
tration  loss.  We  find  that  it  ranges  from  4  to 

32  dB  at  27  MHz,  from  1  to  15  dB  at  49.8  MHz,  and 
from  10  to  25  dB  at  446  MHz. 

The  transmission  losses  for  the  various  intrabuilding 
measurements  are  given  in  Figures  3. 1.4-1  to  3. 1.4-7.  From  these 
curves  we  reach  the  following  conclusions: 

•  The  transmission  loss  (in  dB)  along  corridors 
varies  linearly  with  distance.  The  rate  of  in¬ 
crease  in  the  transmission  loss  with  distance 
varies  with  the  dimensions  of  the  corridor,  whether 
the  corridor  is  straight  or  not,  the  material  com¬ 
position  of  the  corridor  walls,  and  also  the  trans¬ 
mission  frequency. 

•  The  transmission  losses  for  various  corridors  at 
27  MHz  and  at  a  distance  of  20  meters  are:  108  dB 
for  a  corridor  with  one  turn  (at  a  distance  of 

15  meters)  and  gypsum  walls,  84  dB  for  a  straight 
corridor  with  gypsum  walls,  70  dB  for  a  corridor 
with  a  turn  (at  a  distance  of  10  meters)  and  cinder 
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block  walls,  and  64  dB  for  a  straight  corridor 
with  cinder  block  walls. 

•  The  transmission  losses  and  the  loss  rate  decrease 
with  frequency  when  the  corridor  has  one  or  more 
turns.  However,  the  converse  is  true  when  the 
corridor  is  straight.  Comparing  the  transmission 
losses  at  a  distance  of  20  meters  for  a  straight 
corridor  (A)  and  a  winding  corridor  (B) ,  both  with 
cinder  block  walls,  we  find:  a  transmission  loss 
of  64.5  dB  for  corridor  A  and  70  dB  for  corridor 

B  at  27  MHz;  a  transmission  loss  of  63  dB  for 
corridor  A  and  68.1  dB  for  corridor  B  at  49.8  MHz; 
and  a  transmission  loss  of  51.8  dB  for  corridor  A 
and  82.5  dB  for  corridor  B  at  446  MHz.  At  longer 
distances  the  transmission  loss  iTtcreases  at  the 
following  rates:  6.9  dB/10  meters  in  corridor  A 
and  8.3  dB/10  meters  in  corridor  B  at  27  MHz; 

6.9  dB/10  meters  in  corridor  A  and  9.8  dB/10  meters 
in  corridor  B  at  49.8  MHz;  and  5.4  dB/10  meters 
in  corridor  A  and  10.2  dB/10  meters  in  corridor  B 
at  446  MHz. 

•  '  The  transmission  loss  (in  dB)  between  above-ground 

floors  increases  linearly  with  the  log  of  the 
number  of  floors  transmitted  through.  The  loss 
due  to  transmission  through  one  floor  is  83  dB 
at  27  and  49.8  MHz  and  88  dB  at  446  MHz.  For 
transmissions  through  a  greater  number  of  floors, 
the  transmission  loss  increases  at  a  rate  of 
51.3  dB/decade  at  27  MHz,  25.5  dB/decade  at 
49.8  MHz,  and  30.2  dB/decade  at  446  MHz,  where  a 
decade  is  a  ten-fold  increase  in  the  number  of 
floors  transmitted  through. 


•  The  transmission  loss  (in  dB)  between  above¬ 
ground  floors  and  the  basement  also  increases 
linearly  with  the  log  of  the  number  of  floors 
transmitted  through.  The  loss  due  to  transmission 
from  the  first  floor  to  the  basement  is  77  dB  at 
27  MHz,  83  dB  at  49.8  MHz,  and  82  dB  at  446  MHz. 

For  transmissions  to  or  from  higher  floors,  the 
transmission  loss  increases  at  a  rate  of  56  dB/ 
decade  at  27  MHz,  44.5  dB/decade  at  49.8  MHz ,  and 
50  dB/decade  at  446  MHz.  These  rates  are  higher 
than  those  for  transmissions  between  above-ground 
floors . 

•  The  transmission  loss  (in  dB)  in  stairwells 
increases  linearly  with  the  log  of  the  number  of 
floors  transmitted  through.  The  loss  due  to 
transmission  from  one  floor  to  the  next  in  the 
stairwell  is  40  dB  at  27  MHz,  45.6  dB  at  49.8  MHz, 
and  59.4  dB  at  446  MHz.  These  losses  are  about 
half  of  the  transmission  loss  through  one  floor 

at  VHF  and  two  thirds  at  UHF .  For  transmissions 
to  or  from  higher  floors,  v.he  loss  increases  at 
a  rate  of  60  dB/decade  at  27  MHz,  27.5  dB/decade 
at  49.8  MHz,  and  38  dB/decade  at  446  MHz.  Sur¬ 
prisingly,  the  loss  rates  are  higher  for  trans¬ 
mission  in  stairwells  compared  to  transmissions 
through  the  floors. 

•  The  transmission  loss  between  floors  and  near 
elevator  shafts  increases  linearly  with  the  number 
of  floors  transmitted  through  at  VHF  (i.e.,  27  MHz 
and  49.8  MHz)  and  linearly  with  the  log  of  the 
number  of  'floors  transmitted  through  at  UHF  (446  MHz) 
The  loss  due  to  transmission  through  one  floor  is 
64.4  dB  at  27  MHz,  73.3  at  49.8  MHz,  and  52  dB  at 
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446  MHz.  For  transmission  through  a  greater  number 
of  floors,  the  loss  increases  at  a  rate  of  3.4  dB/ 
floor  at  27  MHz,  4.3  dB/floor  at  49.3  MHz,  and 
52.6  dB/decade  (ten-fold  increase  in  number  of 
floors)  at  446  MHz. 

•  Thus  we  conclude  that  transmissions  between  floors 
are  best  when  both  transmitter  and  receiver  are  in 
a  stairwell  and  worst  if  neither  transmitter  nor 
receiver  is  near  a  stairwell  or  an  elevator  shaft. 

Having  summarized  the  results  of  our  path  or  transmission 
loss  analysis,  we  now  give  the  results  of  our  correlation  analysis. 
The  correlation  analysis  is  divided  into  field  correlation  (whip 
vs.  loop  receiving  antenna  correlation  or  equivalently  E-Field 
vs.  H-Field  correlation)  analysis  at  27  MHz  and  49.8  MHz,  and 
spatial  correlation  analysis  at  49.8  MHz  and  446  MHz. 

The  field  correlation  coefficients  for  the  various  types 
of  propagation  conditions  tested  for  are  given  in  Tables  3.2-1 
through  3.2-4.  From  these  we  conclude  the  following: 

•  The  field  correlation  coefficient  in  urban  and  sub¬ 
urban  street- to-street  propagation  has  an  average 
value  of  .74  at  27  MHz  and  .61  at  49.8  MHz. 

•  In  the  case  of  street-to-building  propagation, 
the  field  correlation  coefficient  has  an  average 
value  of  .79  at  27  MHz  and  .87  at  49.8  MHz. 

•  For  the  building-to-building  propagation  measure¬ 
ments  the  average  value  of  the  field  correlation 
coefficient  is  .63  at  27  MHz  and  .48  at  49.8  MHz. 

•  The  lowest  field  correlation  coefficients  are  those 
of  the  intrabuilding  propagation  measurements 
which  have  an  average  value  of  .39  at  27  MHz  and 
.65  at  49.8  MHz. 
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The  spatial  correlation  coefficients  for  the  various  types 
of  propagation  are  given  in  Tables  3.2-5  through  3.2-11.  From 
these  tables,  we  conclude  the  following: 

•  In  the  case  of  the  street-tc-street  propagation 
measurements,  the  spatial  correlation  at  49.3  MHz 
has  an  average  value  of  .35  for  antennas  3  meters 
apart.  At  446  MHz,  the  spatial  correlation  has 
an  average  value  of  .52  for  antennas  50  cm  apart 
and  .27  for  antennas  100  cm  apart. 

•  In  the  case  of  the  street-to-buildi.ng  propagation 
measurements,  the  spatial  correlation  of  446  MHz 
has  an  average  value  of  .25  for  antennas  50  cm 
apart  and  -.01  for  antennas  100  cm  apart. 

•  In  the  case  of  the  building- to-building  propagation 
measurements,  the  spatial  correlation  at  49.8  MHz 
for  antennas  4.5  meters  has  an  average  value  of 
.19.  Similarly  the  spatial  correlation  at  446  MHz 
has  an  average  of  .33  for  antennas  50  cm  apart,  and 
.20  for  antennas  3.5  meters  apart. 

t  Finally  in  the  case  of  the  intrabuilding  measure¬ 
ments,  the  spatial  correlation  at  49.8  MHz  for 
antennas  4.5  meters  apart  has  an  average  value  of 
.32.  Similarly,  the  spatial  correlation  at  446  MHz 
has  an  average  value  of  .29  for  antennas  50  cm 
apart  and  .20  for  antennas  100  cm  apart. 

The  correlation  coefficients  yielded  by  the  VHF  measure¬ 
ments  indicate  that  there  is  sufficient  decorrelation  between 
the  E-Field  and  H-Field  components  of  the  received  signal  to 
warrant  the  implementation  of  a  field  diversity  VHF  receiving 
system.  Similarly,  the  spatial  correlation  coefficients  yielded 
by  the  UHF  measurements  warrant  the  implementation  of  a 
spatial  diversity  UHF  receiving  system.  The  gains  that  may  be 
expected  by  implementing  such  systems  are: 
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•  Increase  in  the  transmitter  range  by  at  Kms:  ... 
factor  of  1.4  and  up  to  a  factor  of  1.8  Mmo?  ~r.e 
range  of  a  no-diversity  system. 

•  And  a  reduction  in  the  fade  duration  by  a  :'uc:;r 
of  1.5  to  2  times  that  of  a  no-diversity  syst=r. 

While  no  field  diversity  measurements  were  made  at  446  :iJ.z , 
we  -would  expect  that  field  diversity  would  also  be  applicable 
at  UHF.  As  a  50  cm  space-diversity  antenna  separation  might 
be  awkward  for  a  manpack  radio,  a  practical  UHF  diversity  re- 
ce.ver  might  also  be  implemented  using  a  loop  antenna. 
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SECTION  4 

MOB A/COB A  DATA  -  BASE  UPDATE 


4 . 0  Introduction 

This  section  is  basically  independent  from  Sections  2 
and  3.  However,  the  topics  covered  are  related  to  the  MOBA/ 
COBA  communications  problem  and  together  with  the  VHF/UHF 
propagation  measurements  and  the  data-base  analysis  performed 
in  a  previous  report  [Ehrman  and  Pari,  1977]  present  a  complete 
picture  of  the  present  state  of  VHF/UHF  communications  in 
built-up  areas  and  t.he  potential  for  improvement. 

The  topics  covered  are  diverse  and  have  been  divided  into 
three  sub-sections:  Section  4.1  is  a  summary  of  a  series  of 
meetings  held  with  European  researchers  during  the  week  of 
October  24  -  October  31,  1978  with  the  purpose  of  incorporating 
their  findings  into  the  MOBA/COBA  data-base;  Section  4.2 
summarizes  the  recent  work  which  has  appeared  in  the  literature 
(since  our  previous  report)  and  which  is  related  to  the  problem 
at  hand;  and  Section  4.3  is  concerned  with  the  design  of  an 
active  loop  antenna  for  the  implementation  of  a  VHF  field 
diversity  system. 

Among  the  recently  published  work  are  the  results  of 
propagation  measurements  made  in  British  cities  by  a  group  of 
British  workers  [Allsebrook  and  Parsons,  1977]  at  frequencies 
in  the  VHF  and  UHF  range  using  medium  elevation  antennas  (20 
to  50  meters).  Their  measurements  exhibit  the  same  distance 
dependence  as  ours  ( inverse  fourth  power  law)  and  further 
reinforce  our  prediction  model.  In  addition  we  also  report 
on  some  man-made  (ianition)  noise  measurements  made  by  the 
same  group  of  workers  [Parsons  and  Sheikh,  1978].  The  other 
work  reported  on  deals  with  the  analysis  of  the  performance  of 
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a  two-branch  equal-gain  combining  diversity  receiver  (as  opposed 
to  selection  diversity)  with  a| .| . Lications  to  re.:-;  le  communi¬ 
cations  [Lee,  1978]  • 


Our  active  antenna  work  was  motivated  ir.  y art  by  the 
success  which  a  group  of  German  scientists  have  -ad  in  applying 
to  mobile  diversity  (spatial)  reception  [Fl?.c-.enecker ,  1978]. 
But  the  most  important  reason  In  that  an  active  '.cop  antenna 
offers  several  advantages  over  multi-turn  lcc y  i MTL)  antenna. 
One  is  that  active  antennas  in  neneral  can  be  designed  to  be 
very  broadband  (and  thus  requiio  no  tuninu)  while  a  multi-turn 
loop  antenna  is  inherently  very  narrow  band  ar.d  :  equires  auto¬ 
matic  tuning.  The  automatic  timing  makes  the  c.  ‘.u-turn  loop 
antenna  extremely  bulky  and  he.,  y  for  use  with  •  .•.■.-.-pack  radios. 
This  further  emphasizes  anothoi  advantage  of  an  active  antenna, 
namely  its  low  profile  (much  than  a  quarts:  wave  antenna) 

d  small  size  and  weight. 


4 . 1  MOBA  Communications  Meet i  mj s  with  European  Researchers 

4.1.1  Introduction 

The  measurements  reported  in  section  2  ar.d  analyzed  in 
Section  3  as  well  as  our  Interim  Report,  Centner.:  cations  Data 
ae  Analysis  for  Military  Ope  mi  ions  in  a  nail:  -up  Area  (MOBA/ 
COBA)  by  Dr.  £..  Ehrman  and  Dr.  ...  Pari  (Report  1-268.1,  9  Dec 
1977),  have  been  part  of  an  eli.nt  to  improve  the  knowledge  of 
urban  communications.  In  uddit  i.>n,  contact  s  ha\  c  been  made 
with  European  researchers  in  th  i  field,  in  ordc:  to  incorporate 
their  findings  into  the  data  b.ian.  In  October  -*•  6,  Dr.  Leonard 
Ehrman  of  SIGNATRON  met  with  r  archers  in  Great  Britain, 
Sweden,  and  Germany  to  discuss  Umir  latest  rescue,  ches . 

The  remainder  of  this-  sc.  i  in  documeu :  s  made  .o 

four  research  groups. 
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4.1.2  Summary  of  Results 

Visits  were  made  to  four  organizations.  The  principal 
contact,  and  the  name  of  each  organization,  follows: 

1.  Dr.  P.  R.  M.  Whittlestone 
Tl  Division 

Royal  Signals  and  Radar  Establishment 
Mai verne,  Worcs. ,  England 

2.  Mr.  J.  D.  Parsons 

Department  of  Electronics  and  Electrical 
Engineering 

The  University  of  Birmingham 
P.0.  Box  363 

Birmingham  B15  2TT  England 

3.  Mr.  Gosta  Carlson 

National  Defense  Research  Institute 
Department  3 

Communications  Laboratory 
Box  1165 

581  11  Linkoping,  Sweden 

4.  Dr.  G.  Flachenecker 
Hoshschule  der  Bundeswehr  Munchen 
Fachbereich  Elektrotechnic , 

Hochfrequenztechnik 
Werner-Heisenberg-Weg  39 
8014  Neubiberg 
Munich ,  Germany 


All  of  the  experiments  which  have  been  performed  in 

Europe  show  that  the  received  signal  level  (RSL)  in  an  urban 

environment  follows  an  inverse  fourth-power  distance  law, 

i.e.,  if  the  transmitter-receiver  separation  doubles,  the 

4 

RSL  decreases  by  1/2  ,  or  by  12  dB.  They  also  have  found 
that  over  small  areas  the  received  signal  will  fade,  with 
the  envelope  having  a  Rayleigh  probability  distribution. 

The  Birmingham  and  Munich  groups  are  both  working  on  diversity 
combiners  for  use  with  mobile  radios,  as  they  believe  diversity 
is  a  practical  and  inexpensive  means  of  improving  performance 
in  Rayleigh  fading.  The  Swedish  researchers  are  not  working 
on  diversity  at  this  time,  although  they  are  well  aware  of  it. 
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The  researchers  at  Birmingham,  NDRI  Linkoping,  and  Munich  all 
believe  tactical  VHF  communications  utilizing  low  height,  low 
power  radios  would  be  extremely  range  limited  in  an  urban 
environment.  All  of  these,  plus  RSRE,  consider  UHF  would  be 
unusable  due  to  range  limitations. 

RSRE  takes  the  viewpoint  that  tactical  urban  radio  communi¬ 
cations  can  be  maintained  by  one  of  two  means.  The  first  would 
employ  elevated  antennas,  with  field  wire  being  used  to  connect 
a  remotely  located  user's  hand  set  to  the  radio;  all  the  British 
VHF  and  UHF  radios  are  designed  for  this  mode  of  operation. 

The  second  means  is  to  employ  HF,  instead  of  VHF,  in  urban 
communications.  RSRE  considers  groundwave  propagation  in  the 
low  HF  band  (1.5  -  5  MHz)  to  be  suited  for  short  range  MOBA  use, 
although  it  might  be  excessively  noisy.  At  this  low  a  fre¬ 
quency,  however,  they  expect  there  would  be  little  or  no  fading, 
hich  might  be  a  mitigating  factor.  RSRE  considers  the  high  HF 
band  (20  -  30  MHz) ,  to  be  an  alternative,  although  the  frequency 
usage  would  have  to  vary  diurnally  with  the  MUF. 

All  researchers  agree  that  care  should  be  used  in  extrapo¬ 
lating  either  U.S.  or  European  measurements  to  a  MOUT  (Military 
Operations  in  Urban  Terrain)  environment.  All  consider  auto¬ 
mobiles  and  other  vehicular  traffic  to  be  the  prime  source  of 
VHF  RF  noise.  European  cities  are  considered  to  have  a  noise 
level  10  to  20  dB  below  U.S.  cities,  but  military  vehicles  are 
claimed  to  produce  significantly  more  radio  noise  than  do 
civilian  vehicles.  In  addition,  it  is  expected  that  in  a  battle 
environment  there  will  be  a  significant  amount  of  both  co-channel 
and  adjacent-channel  interference  from  other  radio  nets.  As 
a  result, urban  range  is  expected  to  be  reduced  by  factors  of 
2  or  4  below  that  measured  in  a  peacetime  environment. 
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Of  the  four  groups  listed  above,  only  Dr.  Flachenecker ' s 
is  working  in  the  field  of  active  antennas.  Active  antenna 
research  and  development  have  been  going  on  in  Germany  since 
the  mid  1960's,  and  active  whip  antennas  for  cars  are  now 
commercially  available  products  in  Germany  in  both  whip  and 
windshield  configurations.  If  active  loop  antennas  were  to 
be  used  with  man-pack  radios,  as  either  low-profile  receiving 
antennas  or  field  diversity  (H-field)  antennas,  a  development 
effort  would  be  required. 

All  of  the  groups  visited  are  doing  significant  work,  and 
liaison  with  their  researchers  should  be  maintained.  With  the 
exception  of  RSRE,  all  of  the  groups  visited  have  mobile  labora¬ 
tories  which  they  use  for  performing  their  propagation  research, 
and  recording  their  data.  The  experimental  data  are  then 
reduced  off-line  on  digital  computers.  The  start-up  expense 
is  undoubtedly  high,  and  software  development  is  probably  a 
never-ending  project,  but  these  facilities  enable  them  to  run 
large  scale  experiments  in  an  efficient  manner. 

4 . 2  Literature  Study 

4.2.1  Allsebrook-Parsons  VHF/UHF  Path  Loss  Prediction  Model 

A  path  loss  prediction  model  for  VHF  and  UHF  propagation 
in  urban  areas  has  recently  been  proposed  by  Allsebrook  and 
Parsons  [1977].  The  model  is  based  on  measurements  of  the. 
received  signal  envelope  magnitude  at  frequencies  of  85  MHz, 

167  MHz,  and  441  MHz.  In  all  cases,  unmodulated  carrier  waves 
were  radiated  from  antennas  atop  tall  buildings  or  prominent 
terrain  features  and  detected  using  a  vehicle  mounted  receiver. 
The  effective  height  of  the  antennas  at  the  three  frequencies 
were  35  m,  20  m,  and  50  m  above  local  ground  for  the  cities 
of  Birmingham,  Bai-h,  and  Bradford,  England,  respectively. 
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The  path  loss  prediction  model  proposed  by  Allsebrook  and 
Parsons  is  based  on  the  following  equation  for  the  path  loss 
in  dB: 

L  =  LF(f,d)  +  { [Lp(ht,hr,d>  -  Lp  ( f ,  d)  ]  2  +  4} 1/2 


+  Lfc  +  Y (f ) 


(4.2-1) 


where  all  quantities  are  in  dB 

L„(f,d)  is  the  free-space  loss  as  defined  by 

Jl 

Eq.  (3. 1.1-2). 

L  (h  ,h  ,d)  is  the  plane-earth  path  loss  which 
p  t  r 

depends  on  the  transmitting  and  receiving 
antenna  height  and  range  and  is  given 
by  Eq.  (3. 1.1-1) . 

L_  is  the  diffraction  loss  over  terrain 

Ur 

obstacles  such  as  jridges  and  hills. 

LFC  is  the  flat-city  correction  factor  which 

accounts  for  the  loss  due  to  diffraction 
over  the  buildings  nearest  to  the  re¬ 
ceiver. 

Y(f)  is  a  UHF  correction  factor  to  Lpc  and  is 

plotted  in  Figure  4.2-1. 

From  the  definition  of  the  path  loss,  L,  we  see  that  the 

terms  Lf  +  {...}1//2  in  (4.2-1)  represent  a  modified  loss  for 

hilly  terrain  where  the  modification  to  the  free-space  loss, 

Lp,  is  the  rms  value  of  the  loss  due  to  a  ground  reflection, 

i.e.,  L  -  L_,  and  the  loss  due  to  diffraction  over  terrain 
P  * 

obstacles  such  as  mountains  or  ridges,  LDp. 

When  the  terrain  is  relatively  flat  compared  to  the 
heights  of  the  buildings,  is  negligible  and  (4.2-1)  reduces 

to 
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+  Y(f) 


(4.2-2) 


L 


L  (h.  ,h  ,d)  +  L__ 
p  t  r  FC 


which  Allsebrook  and  Parsons  [1977]  refer  to  as  the  flat-city 
-cdcl  as  opposed  to  the  hilly-city  prediction  model  described 
by  (4.2-1) . 

Note  that  the  flat-city  model  is  similar  to  the  model  which 
we  have  proposed  (Eq.  (3.3-2))  if  we  set  the  Allsebrook-Parsons 
correction  factors,  +  Y*  equal  to  urban  clutter  correction 

factor,  Lp,  proposed  by  us.  The  flat-city  correction  factor 
proposed  by  Allsebrook  and  Parsons  [1977]  is  based  on  single¬ 
knife-edge  diffraction  theory,  so  that 


L 


FC 


(4.2-3) 


where  dQ  is  the  distance  from  the  closest  building  to  the  mobile 
receiver  and  hQ  is  the  height  of  the  building.  This  was  found 
to  be  a  good  approximation  to  the  excess  loss  above  free-space 
'css  at  the  two  VHF  frequencies  but  not  at  the  UHF  frequency, 
-robably  as  a  result  of  ignoring  the  thickness  of  the  buildings, 
which  at  UHF  is  many  wavelengths. 

The  flat-city  correction  factor  defined  in  (4.2-3)  was 
appropriate  for  the  Allsebrook-Parsons  measurements  because 
their  transmitting  (base-station)  antennas  were  mounted  on 
roof  tops  so  that  the  only  significant  obstacles  were  those 
nearest  to  the  receiver.  However,  when  the  height  of  the 
transmitting  antenna  is  well  below  the  top  of  the  buildings, 
the  single-knife-edge  diffraction  theory  may  not  be  appropriate, 
at  least  if  hQ  and  dQ  are  taken  to  be  the  actual  height  and 
istance  to  the  nearest  obstacle.  Our  factor,  K  (f,d)  is 

LI  S 

an  empirical  term  which  implicitly  includes  the  parameters 
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of  importance  in  L^,  but  is  more  oriented  to  the  use  of  man- 

pack  radios  with  low  elevation  antennas  than  is  L__, . 

FC 


A 

:* 

* 


4.2.2  Man-Made  Noise  in  Urban  and  Suburban  Areas  at  80  MHz 


The  results  of  man-made  noise  measurements  in  British 
urban  and  suburban  areas  at  a  frequency  in  the  low  VHF  band 
ave  recently  appeared  in  a  report  by  J.D.  Parsons  and  A.U.H. 
Sheikh  [1978].  The  sources  of  the  noise  measured  were  primarily 
vehicle  ignition  noise  and  to  a  lesser  extent  power  line  noise 
and  industrial  noise.  In  order  to  fully  characterize  the  noise, 
experiments  were  conducted  to  measure  the  following  four  para¬ 
meters  : 

a.  Amplitude  Probability  Distribution  (APD) 

b.  Average  Crossing  Rate  (ACR)  at  various  threshold 
levels . 

c.  Time  of  Arrival  Statistics  or  Pulse  Interval  Dis¬ 
tribution  (PID) 

d.  Pulse  Width  Distribution  (PWD) . 

Measurements  of  these  four  parameters  in  a  20  kHz  band¬ 
width  are  presented  in  graphical  form  for  different  locations 
(streets)  typical  of  British  urban  and  suburban  areas:  New 
Street  (urban) ;  Bristol  Road  South  (suburban) ;  an  expressway 
5;  and  other  locations.  We  have  reproduced  these  results  in 
Figures  4.2-2  through  4.2-13.  These  curves  and  others  given 
in  the  original  report  indicate  that  both  traffic  density  (in 
the  units  of  vehicles/minute)  and  traffic  pattern  (stop  and 
go  city  driving  vs.  expressway  traffic)  have  an  effect  on  the 
shape  of  the  Amplitude  Probability  Distribution  (APD)  curve 
as  well  as  Average  Crossing  Rate  (ACR) .  The  high  probability 
(background)  noise  levels  range  from  a  few  dB  above  thermal 
kTQB)  in  light  traffic  to  as  much  as  20  dB  above  thermal  in 
avy  urban  (New  Street)  traffic.  The  low  probability,  high 
••cplitude,  impulsive  (ignition)  noise  occurs  at  lower  noise 
'  "f-is  the  heavier  the  traffic  as  one  might  expect. 
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FIGURE  4.2-6  APD  ior  Bristol  Road  South 
Bandwidth  20  kllz 
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The  pulse  width  distributions  show  the  spread  of  pulse- 
widths  which  occur  at  any  threshold  level .  Tne  important  point 
on  the  vertical  axis  is  50  usees,  which  represents  the  recip¬ 
rocal  of  the  post-detector  bandwidth  (20  kHz).  If  there  were 
no  overlapping  of  noise  impulses,  then  pulse  widths  greater 
than  50  ysecs  would  not  occur,  and  the  extent  of  their  occurrence 
is  a  measure  of  the  amount  of  overlapping  which  exists.  The 
pulse  interval  distributions  (PID)  also  indicate  the  existence 
of  overlapping  noise  impulses  by  the  fact  that  the  PID's  for 
different  levels  cross  each  other. 

Although  these  measurements  were  made  at  a  single  fre¬ 
quency,  80  MHz,  we  may  extrapolate  the  median  noise  level 
(i.e.,  APD  <_  50%)  by  using  the  following  empirically  derived 
frequency  dependence  of  man-made  noise  in  the  Birmingham, 

England,  area  [Bailey,  1976]: 

N  =  67-28  log1Q  f  (4.2-4) 

where  the  units  of  N  are  dB  above  kT  B  and  f  is  the  measurement 

o 

frequency  in  MHz.  At  80  MHz,  the  median  level  for  all  locations 
is  about  13.7  dB  above  kTQB.  The  values  predicted  by  (4.2-4) 
are  about  10  dB  lower  than  those  measured  in  the  USA  [CCIR, 

1974]  . 

4.2.3  Two-Branch  Equal  Gain  Diversity  Combining  Receiver 

The  theoretical  performance  of  a  two-branch  equal  gain 
diversity  combining  receiver  with  correlated  signals  has 
recently  been  described  in  the  literature  [Lee,  1978].  The 
performance  is  analyzed  from  the  cumulative  probability  dis¬ 
tributions  of  the  output  of  the  diversity  combiner  as  well  as 
the  level  crossing  rates  and  duration  of  the  fades.  Lee  shows 
that  the  probability  that  the  instantaneous  carrier-to-noise 
ratio,  y /  at  the  output  of  a  two  branch  equal-gain  combiner 
is  below  the  threshold  level,  x,  in  a  pure  Rayleigh  fading 
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environment  is  given  by 

(1-  /p)e~2ax/r  -  (1+  /7)e"2bx/r 

P  ( Y  <  X)  =  1  +  -  (4.2-5) 

2  /o’ 

where  F  is  the  average  carrier- to-noise  ratio  in  each  branch, 
o  is  the  correlation  between  the  two  branches,  and  a  and  b  are 
constants  which  vary  with  p.  Figure  4.2-14  shows  how  the 
diversity  gain  of  the  two-branch  combined  signal  varies  as  a 
function  of  the  correlation  between  the  two  branches.  These 
curves,  when  compared  with  those  we  have  derived  for  a  two- 
branch  selection  diversity  combiner  (Figure  3.3-1),  show  that 
the  equal-gain  combiner  is  slightly  superior  to  the  selection 

combiner.  For  instance,  for  a  desired  performance  level 

-2 

P(7  £  x)  =  10  ,  the  recurred  average  CNR  with  an  equal  gam 

combiner  is  11.2  dB  below  that  of  a  single  channel  receiver 
compared  to  10.2  dB  for  a  selection  diversity  receiver  (from 
Figure  3.3-1)  when  the  branches  are  uncorrelated  (p  =  0)  . 

This  difference  disappears  as  correlation  increases.  If  the 
branches  have  correlation  c  =  .7,  then  the  diversity  gain 
is  8.75  dB  with  an  equal  gain  combiner,  compared  to  8.7  with 
a  selection  diversity  combiner. 
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FIGURE  4.2-14 


Cumulative  Probabili*  Distribution  of  a 
Two-Branch  Equal-Gai  nbiner  in  Pure 
Rayleigh  Fading  [From  ,  1978] 
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4  .  3  Active  Antenna  for  Field  Diversity  f  " g  1  entation 
4.3.1  Background  and  Scone 

This  analysis  is  intended  to  support  < he  design,  construc¬ 
tion,  and  testing  of  an  active  loop  antenna.  Together  with 
the  existing  design  for  a  vertical  whip  antenna,  the  active 
loop  could  be  used  to  implement  a  prototype  diversity  receiver 
for  mobile  communication  in  the  30  to  BO  Mil:*  portion  of  the 
VHF  band. 

Appendix  IV  contains  the  initial  investigation  of  the 
subject  of  active  antennas.  It  gives  a  bread  overview  of  their 
published  properties  and  summarizes  in  a  systematic  manner 
the  rationale  motivating  their  use  and  the  salient  features 
of  the  performance  parameters.  The  two  major  areas  of  applica¬ 
tion  that  were  encountered  and  the  principal  features  of  active 
antenna  performance  are: 

•  Single  Element  (Receive  Only) 

By  integrating  the  antenna  directly  into  the  matching 
network  of  the  preamplifier  transistor,  ck~i r  losses,  system 
noise  temperature,  and  gain  less  are  minim cc.  as  are  the  de¬ 
tuning  effects  encountered  when  attempting  ::  achieve  inherently 
narrowband  matching  to  a  50  or  75  ohm  cable  :'~ar  connects  to  a 
remote  preamplifier.  System  s ignal-to-nei? =  ratio  and  bandwidth 
are  major  performance  parameters.  The  urnhunal  property  of 
the  transistor  provides  decoupling  of  the  :•  teona  rrom  the  feed 
line.  This  is  important  at  frequencies  vhc“  *  =  antenna  is  elec- 

: : -allv  small  and  is  carameter ized  by  the  .-craved  match  (T  , 

in 

,•  '  nar.dwidth  achieved  by  the  transistor!.  .  m  tne  active 

•  ••  •  ca  . 
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Array 


Active  antennas  reduce  mutual  coupling  effects  in 
transmit  and  receive  arrays  because  of  the  reverse  isolation 
or  unilateral  buffering  the  transistor  can  provide  as  an  active 
device.  Increased  bandwidth  and  improved  impedance  matching 
as  well  as  improved  SNR  for  receive  only  applications  are  real¬ 
ised  and  are  the  quantitative  measure  of  performance.  3ecause 
of  the  unilateral  property,  distinct  active  antenna  designs 
and  elements  are  required  for  transmit  and  receive.  Receive 
only  applications  appear  to  have  been  the  area  of  most  interest. 


In  this  report,  the  factors  pertinent  to  the  single 
receive  only  element  are  addressed  to  a  level  of  detail  approach 
ing  that  which  is  necessary  for  the  design  of  an  active  loop 
antenna.  Specific  items  are: 

•  Preliminary  Transistor  Selection 

Table  4.3-1  gives  a  preliminary  summary  of  the 
bipolar  -  FET  tradeoff  considerations. 


•  Quantitative  characterization  of  the  S-parameters  and 
noise  figure  for  a  specific  transistor  (2N5943). 


•  Quantitative  characterization  of  the  electrically 
small  loop  antenna  for  impedance,  efficiency,  and 
antenna  noise  temperature. 

•  Performance  calculations  for  the  trans istor  /loop 

Stability 
Ga  in 

Noise  Figure  and  Noise  Temperature 
System  s ignal- tc-noise  ratio  (SNR). 


The  approach  enables  these  parameters  tc  be  plotted 
as  circular  contours  (cverlayed'  cn  the  Smith  Chart 
impedance  coordinates.  This  facilitates  the  matching 
network  specification  and  design  as  .well  as  providing 
simple  yet  comprehensive  display  that  accommodates 
a  wide  range  of  antenna  and  matching  network,  varia- 
t  i  c-ns . 
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The  analysis  outlined  above  provides  us  with  a  well  defined, 
repeatable,  quantitative  approach  for  the  design  of  an  active 
antenna.  Modification  for  an  active  whip  antenna  would  be 
straightforward.  Active  whip  antennas  for  reception  have 
been  designed,  tested,  and  produced  [Meinke , 1977]  with  atten¬ 
tion  given  to  optimal  SNR.  The  analysis  offered  here  for  the 
performance  calculations  and  the  optimal  design  of  the  active 
loop  is  believed  to  be  a  new  application.  One  prior  investiga¬ 
tion  of  active  loops  of  which  the  authors  are  aware  was  restrict¬ 
ed  to  impedance  matching  and  power  gain  considerations  [Ramsdale, 
1971]  . 


Design  level  topics  that  have  not  yet  been  addressed  at 
this  time  are: 

•  Matching  network  design  for  the  input  and  output 
circuits 

•  Measurement  and  instrumentation  aspects  of  transistor/ 
matching  network  selection  and  design 

S-parameters  (match  and  gain) 

Noise  Figure 

Experimental  Optimization. 

•  More  comprehensive  transistor  selection. 

The  following  numerical  results  and  discussion  are  for  a 
specific  transistor  which  is  the  low  noise,  low  power  model 
(2N5439)  given  in  the  first  entry  of  Table  4.3-1.  Although 
some  effort  was  expended  to  select  a  transistor  with  suitable 
characteristics  for  performance  calculation  purposes,  this 
should  be  considered  only  as  the  current  baseline  candidate 
against  which  future  choices  may  be  compared. 
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4.3.2  Summary 


The  objective  of  the  calculations  is  to  relate  the  measured 

characteristics  of  a  transistor  (S-parameters  and  noise  figure 

parameters  F  .  ,R  ,Y„)  to  the 
^  mm  n  0 

•  Stability 

•  Gain 

•  Noise  Figure/Temperature 
e  System  SNR 


as  a  function  of  the  impedance  of  the  input  and  output  matching 
networks  in  which  it  is  embedded.  The  approach  and  concepts 
are  essentially  the  same  as  those  that  have  been  developed  for 
RF  amplifiers.  The  distinctive  feature  of  the  active  antenna 
is  that  the  antenna  is  an  integral  part  of  the  matching  net¬ 
work  circuitry.  The  S-parameter/Smith  Chart  display  approach 
chosen  here  facilitates  the  display  of  the  complete  range  of 
performance  levels  using  readily  constructed  circular  contours 
on  the  Smith  Chart  whose  coordinates  represent  the  load  or 
source  impedance  of  the  embedding  circuitry  of  the  transistor. 
This  simple  yet  elegant  geometrical  construction  as  shown  in 
Figure  4.3-1  enables  the  effect  and  sensitivity  of  the  embedding 
circuitry  to  be  determined  readily.  The  design  goal  for  an 
active  antenna  is  to  achieve  an  SNR  that  is  but  minimally  de¬ 
graded  from  that  obtained  with  a  lossless  n  =  l,  noiseless 
F  =  1,  receiver, which  is  SNR^  =  DSg/KT^B .  This  measure  is 
represented  by  a  parameter  which  is  independent  of  the  system 
bandwidth [Rad jy  and  Hansen,  1979] 


Y 


SNR 

SNBMX 


V 


V  *  Wn) 


4.3-1) 


Table  4.3-2  summarizes  the  results  of  the  detailed  calcula¬ 
tions  for  the  active  loop  synthesized  with  a  2N5943  bipolar 
NPN  transistor  in  Section  4.3.3.  The  most  significant  parameter 
is  y  which  is  entered  in  the  bottom  lines.  In  a  very  noisy  en¬ 
vironment  the  external  antenna  noise  contribution  is  so  great 
that  the  -27  to  -14  dB  ohmic  losses  in  the  antenna  and  matching 
network  are  of  no  consequence.  The  SNR  performance  is  the 
same  as  if  the  antenna  and  network  were  lossless  and  the  re¬ 
ceiver  was  noiseless  (n  =  1  and  =  0) .  In  a  moderate  (sub¬ 
urban)  noise  scenario  these  inefficiencies  begin  to  affect  the 
performance.  In  a  very  quiet  noise  scenario  where  the  only 
antenna  noise  contribution  is  from  that  of  the  galactic  back¬ 
ground,  the  antenna  and  matching  network  ohmic  losses  begin  to 
introduce  appreciable  degradation. 

The  performance  levels  of  Table  4.3-2  are  realized  over 

o 

the  entire  band  without  any  adjustments.  The  129  constant 
phase  shift  network  that  has  been  assumed  to  achieve  the  per¬ 
formance  discussed  above  is  not  unique  for  implementation. 
Although  the  effects  of  its  finite  losses  have  been  estimated 
it  has  not  been  designed.  These  results  are. intended  as  a  base¬ 
line  for  future  design  effort. 
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This  section  presents  the  performance  contours  that  were 
computed  for  the  stability,  gain,  noise  figure,  and  SNR  of  an  8" 
active  loop  antenna  in  the  30  to  80  MHz  band.  The  transistor 
chosen  to  obtain  these  results  is  a  bipolar  NPN  ,  low-noise, 
low  power  model  (2NS943)'  that,  to  the  extent  initial  calcula¬ 
tions  indicate,  appears  to  be  suitable. 

Its  catalog  description  indicates  low  noise,  low  intermoaula- 
tion  distortion  for  broadband  use  in  CATV  applications.  These 
same  features  appear  appropriate  for  a  broadband  active  loop. 

The  impedance  level  of  this  transistor  also  appears  to  be  com¬ 
mensurate  with  that  of  the  loop  antenna.  Other  transistors  had  a 
much  higher  impedance  at  low  frequencies. 

Figure  4.3-2  reproduces  the  catalog  S-parameter  and  noise 
figure  data  [Motorola,  1978] . from  which  the  calculated  results 
were  derived.  Since  the  S-parameter  data  is  given  for  fre¬ 
quencies  only  down  to  100  MHz  (probably  because  of  the  limit  of  the 
particular  model  of  Automatic  Network  Analyzer  used)  the  procedure 
used  to  obtain  the  30  to  80  MHz  data  for  the  band  of  interest 
here  was  to  plot  the  available  100  to  1000  MHz  data  and  extra¬ 
polate.  Table  4.  3-3  gives  the  approximating  algorithms  used 
to  implement  this  and  the  values  calculated  in  the  extrapolated- 
region.  These  algorithms  and  the  values  determined  from  them 
were  used  in  a  program  coded  for  a  large  scale  digital  computer 
to  obtain  the  results  that  are  discussed  in  the  following  sub¬ 
sections. 

The  noise  fiaure  parameters  F  .  ,  R  and  G_  =  RE "Y  ~  were 

mm  N  0  -  0- 

derermined  from  the  three  values  of  the  noise  figure  in  the  craph 
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Table  4.3-3 

'Approximating  Algorithms  and  Extrapolated  Values 


BIPOLAR  NFN  2N5943  CHARACTERIZED  FOR  CATO  Af  PL  I  CAT  I  OHS  . 
FMIN=1 . 96  RN  =  8 .  RG0=33, 

ftll(X>=23. fO.*X 

X11(X)=-1200./XF. 021 *X 

R22 ( X ) =92 . -SORT ( X/l 000 . )*70. 

X22(X)=-27.5-X/100. 

AS21 (X)=28.-9.*AL0G10CX> 

PS21 (X)=(97.2-. 072*X) *DRAD 
A312(X)=.04*(X/100, >**.8 
PS12(X>=<60. +.0*X)*DRAD 


S-PARAMETERS  50  OHMS,  POLAR  FORM-AMP/DEG 


-MHZ 

Sll 

S22 

S21 

S12 

10. 

0.875/  -44. 

0.323/ 

-27. 

19.000/ 

96. 

0.006/ 

c  G 

20. 

0.694/  -75. 

0.314/ 

-29. 

16.291/ 

96. 

0.011/ 

oG 

30. 

0.576/  -96. 

0.307/ 

-31. 

14.706/ 

95. 

0.015/ 

wO 

40. 

0 . 506/-1 1 1 . 

0.302/ 

-33. 

13.531/ 

94. 

0.019/ 

60 

50. 

0 . 463/- 122 . 

0.297/ 

-34. 

12.709/ 

94  . 

0.023/ 

60. 

0 . 436/-131 . 

0.293/ 

-36. 

11.997/ 

93. 

0.027/ 

70. 

0 . 418/-138 . 

0.290/ 

-37. 

11.394/ 

92. 

0.030/ 

w  ^ 

80. 

0.406/-143. 

0.287/ 

-39. 

10.872/ 

91  . 

0 . 033/ 

2  0 

90. 

0 . 397/-1 48 . 

0,284/ 

-40. 

10.412/ 

91  . 

0.037/ 

60 

100. 

0 . 390/- 152. 

0.292/ 

-42. 

10.000/ 

90. 

0 . 040/ 

60 

110. 

0 . 396/- 1 56 . 

0.230/ 

-43 . 

9.627/ 

89. 

u  .  04  3. 

Cj  u 

120. 

0 . 382/- 1 59 . 

0.278/ 

-45. 

9.287/ 

89. 

0  •  0  4  i,  / 

60 

120. 

0 . 379/- 1 61 . 

0.277/ 

-46. 

6.975/ 

88. 

0.049/ 

60 

4  « 

+.  *1  \J  • 

0 . 377/- 164  . 

0.276/ 

-47. 

C.  635/ 

87. 

0 .062 / 

C.'  v/ 

150. 

0 . 375/-1 66 . 

0.275/ 

-49. 

6.415/ 

Bcj  . 

V.05  6.' 

L7 

160. 

0 . Z74/-1 68 . 

0.274/ 

-50. 

S. 163/ 

UW  ( 

0 . 0'72.' 

O  L7 

1  /  j  • 

0 . 373/-1 70 . 

0.274/ 

-51 . 

7.926/ 

C  «~ 

W  mJ  • 

O  •  U  wJ  J.  • 

wO  u 

:  go . 

0 . 372/- 1 72 . 

0.274/ 

-53 . 

7 .703 / 

•  % 

w  • 

G  •  v/cjm/ 

60 

1  ?c . 

0.371/ -173. 

0.274/ 

-54 . 

7.491/ 

£*1  . 

u  •  U  i,  ,  / 

O  1/ 

200  • 

0 . 371/-1 75 . 

0.274/ 

_cr- 

* 

7.291/ 

32 « 

L/  .  U  /  0 

2, 
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of  Figure  4.3-2  for  I  =  35  mAdc.  By  assuming  different  values 
of  Gg  and  plotting  F  versus  X'  =  X(1000)  =  ;  Gs~Gg  i  ^/G  (m'J)  in 

Figure  4.3-3,  it  was  determined  that  the  best  straight  line 
fit  of  the  three  experimental  points  to  che  IRE  Standard  Mcise 
Figure  Representation  [1960]  obtains  for  Gg  =  30mU.  The  values  of 
the  intercept  >  slope  (R^)  ,  and  Rg  are  given  in  the  lower 

right  hand  corner  of  figure.  Since  no  experimental  data  was 
given  for  BQ  =  Im  [Yg] ,  the  calculations  of  this  report  assumed 
as  a  first  approximation  that  Bg  is  the  power  gain  conjugate 
match  admittance.  This  conjecture  is  supported  by  inspection  of 
the  experimentally  measured  7g  and  power  gain  conjugate  match 
data  for  a  microwave  FET  transistor  [Hewlett-Packard,  1977]. 

The  optimal  noise  figure  reflection  coefficient  had  a  smaller 
amplitude  and  lagged  in  phase  about  20  behind  the  power  gain 
conjugate  match  reflection  coefficient. 


4. 3. 3.1  Stability 

Figure  4.3-4  plots  the  magnitude  of  the  stability  parameters 
for  the  source  impedance  (S)  and  the  load  impedance  (L)  and 
composite.  The  following  features  of  the  calculations  are  dis¬ 
cussed  in  detail. 

1)  Unlike  gain  and  noise  figure  calculations,  the 
potential  for  instability  and  therefore  the  analysis, is  not 
limited  to  inband  frequencies  (30  to  80  MHz).  The  range  of 
10  to  1000  MHz  is  analyzed. 

2)  Below  140  MHz  the  stability  parameters  all  exceed  unity 
and  are  unconditionally  stable.  Between  140  and  950  MHz  the 
stability  parameter  decreases  below  unity  indicating  that  the 
potential  exists  for  instability  with  certain  phases  of  7  that 
exceed  a  minimal,  threshold  value.  • 
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3)  The  minimal  value  of  0.85  for  all  three  curves  in 
Figure  4.3-4  suggests  that  so  long  as  the  magnitude  of  the 
coefficient  is  everywhere  less  than  0.85,  then  instability 
will  be  avoided  under  any  circumstances.  This  is  the  basis 
for  the  | rT  |  =  0.85  and  12.3:1  VSWR  limit  shown  in  the  T-plane 
interpretation  of  Figure  4.3-5.  This  leads  to  the  conclusion 
that  if  the  matching  networks  at  the  input  and  output  port  of 
the  transistor  can  everywhere  ensure  a  VSWR  of  less  than  10:1, 
then  no  instabilities  will  occur.  However,  reflections  whose 
SNR’s  exceed  10:1  can  also  produce  stable  amplification  provided 
they  are  of  the  appropriate  phase. 

4)  Inspection  of  Figure  4.3-4  indicates  there  may  also 
be  a  potential  for  instability  below  10  MHz.  However,  this 
region  represents  over  one  decade  of  extrapolation  below  the 
100  MHz  measurement  limit  and  should  be  verified  by  calcula¬ 
tions  using  directly  measured  S-parameter  data. 

5)  In  the  process  of  verifying  the  values  of  some  of  the 
machine  calculations,  it  was  found  that  apparently  small 
deviations  in  the  values  of  the  S-parameters  used  had  considerable 
effect  on  the  magnitudes  of  the  stability  parameters.  This 
sensitivity  suggests  that  stability  may  change  appreciably 
from  transistor  to  transistor  because  of  the  normal  dispersion 
of  values  encountered  in  any  production  sample. 
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4 . 3. 3. 2  Gain 


Figure  4.3-6  shows  the  gain  loss  of  the  2N5943  that  is 
inherent  with  increasing  frequency.  This  analysis  will  address 
the  gain  at  three  discrete  frequencies  30, 55, and  80  MHz.  In 
order  to  achieve  a  gain  that  is  flat  across  the  band  the 
relative  gains  of  the  matching  networks  must  be  -3,  -1, 

and  0  dB  at  the  design  frequencies.  Inspection  of  Table  4.3-3 
indicates  that  the  magnitude  of  S  _  is  essentially  constant 

A 

at  0.3  across  the  band  with  Gw*=  0.4  dB.  The  input  reflection 

M2 

coefficient  has  much  greater  variation.  Therefore  the  gain 
flatness  compensation  will  be  designed  into  ,tbe  input  match¬ 
ing  network. 


We  shall  first  consider  the  case  shown  in  Figure  4.3-7  that 
produces  a  gain  that  is  very  nearly  maximal  by  allowing  1  dB 
(.794)  of  gain  loss  from  each  the  matching  networks  at  the 
input  and  output  at  the  high  edge  of  the  band  at  80  MHz.  From 
the  S-parameter  data  of  Table  4.3-3  we  compute  [Carson,  1975; 
Hewlett-Packard,  3 ') 6 8  and  1972]. 


G  (80)  = 


.794 


1-  (.406) 


(10,87) 


.794 


1-  (.287) 


4.3-2) 


=  (.951)  (118.16)  (.865) 


«  97.23 


(19.9  dB) 


The  80  MHz  contour  in  Figure  4.3-7  is  labeled -1  cB.  .Additional 
calculations  not  reproduced  here  indicate  unilateral  gains 
of  20.2  and  20.4  dn  at  55  and  30  MHz  for  the  -2  and.  -4  dB 
contours  for  a  nominal  wideband  gain  of  +20  dB.  Also  shown 
in  the  upper  right  hand  quadrant  .of  the  Smith  chart  is  the 
impedance  locus  of  the  8"  loop  over  the  band.  The  matching 
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network  design  goal  is  to  transform  the  30,  55,  and  80  MHz  points 
onto  the  appropriate  contours.  Temporarily  bypassing  the  ques¬ 
tion  of  physical  realizability  in  a  strict  mathematical  sense 
or  practical  engineering  sense,  possible  lociiareAA'  along 
the  r  =  0.2  contour  and  BB'  along  r  =  1.1.  Neither  of  these 
•appear  practically  feasible  at  first  glance.  The  AA  '  locus  re¬ 
quires  a  counterclockwise  frequency  variation  that  is  directly 
opposite  to  clockwise  variation  that  occurs  naturally  with  in¬ 
creasing  freauency.  The  BB*  locus  requires  a  large  resistive 
component  that  would  appear  impossible  to  achieve  with  acceptable 
efficiency  from  the  high  Q  loop  that  is  essentially  a  pure  in¬ 
ductive  reactance. 

Figures  4.3-8  and  -9  plot  the  countours  for  a  nominal  19 
and  16  dB  gain.  At  the  expense  of  a  4  dB  gain  loss# the  latter 
case  appears  to  offer  reasonable  matching  potential  for  a  high 
Q  input  reactance.  When  the  8"  loop  locus  is  uniformly  shifted 
by  adding  .  358X  =  129°  of  all  pass  phase  delay  across  the  band, 
the  new  locus  is  given  by  the  dashed  line  in  the  upper  left 
hand  quadrant.  If  the  network  were  perfectly  lossless,  the 

transformed  locus  would  still  be  on  the  outer  limit  with  a 

' 

vanishingly  small  resistive  component .  However,  ohmic  losses 
associated  with  the  finite  of  the  matching  network  will  in¬ 
crease  the  resistive  component.  This  can  be  estimated  once 
the  Q  and  the  electrical  length  are  specified  by  an  approxima¬ 
tion  [Schelkunof f , 1943,  p.85]  relating  the  attenuation  constant 
a  and  propagation  constant  E  in  a  low  loss  (high  0)  medium 
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work  since  the  losses  c4  in  equation  (4 . 3-3)  increase  in  direct 
proportion  to  the  electrical  length  3f. 

Table  4.3-5  compares  the  gains  of  a  passive  and  active 
8"  loop  that  correspond  to  the  efficiencies  calculated  above. 

It  is  assumed  that  the  passive  loop  can  be  narrow  band  matched 
to  50  ohms  with  the  same  efficiency  that  was  calculated  for 
the  transistor  matching  network.  Because  of  the  tremendous 
variation  of  the  matching  network  efficiency  r  ,  minor  variations 
of  a  dB  or  so  in  the  transistor  gain  (because  of  imperfect  matching 
network  real ization) do  not  appear  to  be  particularly  significant. 

Table  4.3-5 

Estimated  8"  Loop  Antenna  Gains  (dB) 


f-MHz 

Lossless* 

Lood 

V2 

Narrow- 
Band  * 

Passive  Lood 

gt 

Active 

Lood 

30 

00 

• 

-27 

-25 

— 

+16 

-9 

55 

CO 

• 

r—4 

-19  . 

-17 

+16 

-1 

★ 

No  mismatch  loss  included. 


The  transformed  locus  achieved  by  129°  of  uniform  delay 
across  the  band  when  the  losses  are  included  very  nearly  coin¬ 
cides  with  contours  required  for  a  uniform  16  dB  gain  in  Figure 
4.3-9.  The  design  of  a  constant  phase  shift  network  is  a 
classical  network  synthesis  problem  that  has  been  analytically 
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formulated  [storer,  1957]  .  Another  approach  couia  oe  cdseu  vu 
numerical  network  synthesis  algorithms  programmed  for  a  large 
scale  digital  computer.  However,  this  design  aspect  will  not 
be  addressed  here.  The  following  calculations  will  proceed 
assuming  that  the  transformed  impedances  shown  in  Figure  4.3-9 


f -MHz  z  =  r  +  jx 


30 

.04 

+ 

j 

0.15 

55 

.04 

+ 

j 

0.39 

80 

.04 

+ 

j 

0.50 

can  be  realized  with  the  stated  matching  efficiency  for  a  tran¬ 
sistor  gain  of  16  dB.  It  is  reiterated  that  the  choice  of  the 
locus  in  Fig.  4.3-9  is  in  no  way  unique.  A  comparable  level 
of  gain  flatness  could  be  achieved  in  principle  by  a  limitless 
number  of  transformations.  It  is  only  by  trial  and  error  in 
the  actual  matching  network  design  that  potential  candidates 
can  be  verified  as  practically  realizable. 

Although  the  proposed  matching  network  locus  of  Figure 
4.3-9  represents  a  high  VSWR  (32:1)  that  exceeds  the  10:1 
limit  in  the  stability  discussion,  it  occurs  in  the  portion 
of  the  band  below  140  MHz  where  the  transistor  is  unconditionally 
stable.  It  is  necessary  to  satisfy  the  10:1  limit  only'  above 
140  MHz  when  the  source  phasing  is  such  that  the  reflection  co¬ 
efficient  is  in  the  critical  part  of  Smith  chart.  10:1  VSWR 1 s 
outside  that  critical  region  may  exist  without  initiating  an 
instability. 

o 

It  is  noted  that  the  same  reactance  locus  of  the  129  con¬ 
stant  phase  shifted  8"  loop  in  Figure  4.3-9  coulc  also  be 
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achieved  by  reducing  the  loop  diameter  and  reactance  by  a  factor 
of  8.  However,  this  would  increase  the  Q  by  8^=  512  and  would 
decrease  the  efficiency  by  27  dB.  This  is  not  acceptable.  in¬ 
creasing  the  loop  diameter  to  10"  would  decrease  the  Q  by  1/2 
and  increase  the  efficiency  by  about  3  dB. 

Figure  4.3-10  shows  -1  dB  relative  gain  contours  for  the 
output  matching  network  at  30,  55,  and  80  MHz.  All  nearly 
coincide,  and  enclose  the  origin  (50Q)  of  the  Smith  chart.  This 
indicates  that  the  output  of  the  2N5943  can  be  directly  connected 
to  a  reasonably  well  matched  50Q  cable  (VSWR  s  1.47:1)  and  still 
maintain  its  gain  within  the  1  dB  matching  loss  assumed  in  the 
calculation  of  equation  4.3-2.  A  transformation  to  75f.  would 
provide  an  improved  match  but  may  not  be  worth  the  effort. 

Figure  4.3-11  gives  the  input  matching  network  contours 
for  a  noise  figure  that  exceeds  F  .  =  1.96  (~3  dB)  by  1  dB. 

The  transformed  loop  locus  will  result  in  a  noise  figure  that 
exceeds  this  since  it  is  outside  the  contours.  The  performance 
measure  that  is  more  significant  than  noise  figure  for  the 
active  antenna  is  the  relative  SNR  ratio  v  =  SNR/SNR.  .  This 

MX 

is  related  to  the  receiver  noise  figure  Fn  by  the  ancenr.a  noise 
temperature  and  efficiency 

4T  =  T^/v'1-!)  +  T0U-<1)  4.3-8 


provided  that  iT  2  iT  .  of  the  transistor.  Figure  4.  3-12  cives 

mm 

''.otcurs  for  the  matching  network  that  provide  the  relative  SNR’s 
r:  T^ble  4.3-6.  The  relative  SNR  value  is  seen  to  depend  greatly 
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on  the  noise  environment.  In  a  very  noisy  environment  the 
degradation  to  the  SNR  is  entirely  negligible  to  that  which 
would  be  obtained  with  a  perfectly  matched,  noiseless  receiver. 
In  a  modest  suburban  environment,  the  degradation  for  the 


matched  8"  loop  is  only  -1.5  dB  at  55  and  80  MHz  and  -3.0  dB 
at  30.  Only  in  a  very  quiet  galactic  noise  background  does 
the  inefficiency  of  the  loop  and  matching  network  seriously 
degrade  the  SNR.  Per  the  values  of  Table  4.3-6  these  degrada¬ 
tions  are  -17,  -13,  and  -13  dB  at  the  design  frequencies.  Two 


contours  (--  and  - )  are  given  for  the  30  MHz  frequency  in 
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SECTION  5 

CONCLUSIONS  AND  RECOMMENDATIONS 


5 . 1  Conclusions 

The  following  conclusions  are  based  on  the  results 
of  our  propagation  research. 

1.  Communications  Range 

The  communications  range  in  an  urban  or  sub¬ 
urban  environment  is  limited.  If  both  the  transmitter  and 
receiver  are  located  on  a  sidewalk,  the  VHF  range  may  be 
less  than  500  feet  in  highly-built-up  areas  (average  building 
height  of  5  stories  or  more) ,  while  UHF  is  unusable.  If 
both  the  transmitter  and  receiver  are  in  the  center  of 
the  street,  the  range  may  be  as  great  as  one  mile  for  both 
VHF  and  UHF.  The  urban  area  has  a  shorter  communications 
range  than  the  suburban  area.  For  a  given  transmitter 
power,  the  communication  range  can  be  extended  by  a  factor 
of  approximately  1.4  to  1.8  if  diversity  reception  is  used. 

2.  Communications  Between  and  Within  Buildings 

Communications  within  a  building  are  possible 
at  both  VHF  and  UHF,  with  the  communications  range  being 
dependent  on  the  corridor  structure,  building  material, 
and  number  of  floors  separating  the  transmitter  and  re¬ 
ceiver.  Communications  between  the  street  and  a  building 
are  possible  at  VHF  and  UHF,  although  the  attenuation 
increases  rapidly  at  UHF  when  one  terminal  moves  into  the 
interior  of  the  building.  Communications  between  two  adja¬ 
cent  buildings  is  not  possible  unless  one  terminal  is  near  a 

window.  Communications  inside  a  building  along  a  straight 
corridor  is  better  at  UHF  than  at  VHF ,  but  the  converse 
is  true  when  the  corridor  has  turns.  Communications  be- 
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tween  floors  is  enhanced  at  both  VHF  and  UHF  if  within 
a  stairwell  or  near  an  elevator. 

3.  Path  Loss  Prediction  Model 

When  low  elevation  antennas  are  used,  our 
experimental  data  indicate  that  the  path  loss  in  dB  can 
be  approximated  by  Eq.  (3.3-2)  : 

L  =  L  (d)  +  LD(f)  -  He(ht,f)  -  Hr(ht,f)  (3.3-2) 
+  Ku,s(f'd)  +  Lb(f) 

where  Lp  is  the  plane-earth  path  loss  for  2-meter  antenna 

height  and  separation  d;  L  (f)  is  a  frequency-dependent 

environmental  clutter  factor;  H.  and  H  are  antenna 

t  r 

height-gain  factors;  K  (f,d)  is  a  frequency  and  distance 

U  /  s 

deoendent  urban/suburban  clutter  factor;  and  L,  (f)  is  a 
*  b 

frequency  dependent  building  penetration  loss,  applicable 

when  one  terminal  is  within  a  building  and  the  other  is 

in  the  street.  This  model  is  in  excellent  agreement  with 

that  of  Okumura  at  446  MHz,  but  shows  less  of  a  frequency 

dependence  than  his  at  VHF.  It  is  similar  to  the  Allsebrook 

and  Parsons  model,  but  more  complete  in  the  inclusion  of 

K  and  L,  . 
u,s  b 

4.  Propagation  Phenomenological  Model 

The  path  loss  measured  in  urban  and  suburban 
environments  showed  distance  relations  from  inverse  square- 
law  to  inverse  fourth-power  law.  The  inverse  square-law 
is  associated  with  a  single  predominant  diffraction  path, 
and  the  inverse  fourth-power  is  associated  with  (near) 

-qual  strength  multiple  reflected  (or  diffracted)  signals. 
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The  single  diffraction  path  is  important  when  a  terminal 
is  located  on  the  sidewalk,  next  to  a  building;  however , 
the  diffraction  loss  may  be  so  great  that  the  received  sig¬ 
nal  is  unusable.  'The  multiple-reflected  (or  diffracted) 
signal  case,  which  is  the  more  reliable  means  of  communi¬ 
cation,  requires  that  one  of  the  terminals  be  away  from 
the  building. 

5.  Selection  of  MOBA  Radio  Operating  Frequency 

The  measurements  show,  and  the  modeling  explains, 
that  communications  are  best  when  the  building  heights  are 
small  compared  to  a  wavelength.  This  implies  that  urban 
communications  would  be  better,  from  a  path-loss  point  of 
view,  at  HF  than  at  VHF .  It  further  implies  that  UHF 
should  not  be  considered  for  MOBA  use  by  the  Army  in  highly 
built-up  areas  as  it  requires  that  radio  operators  be  in 
exposed  positions.  However,  use  of  UHF  in  suburban  areas 
(average  building  height  of  two  stories  or  less)  may  be 
more  desirable  than  VHF  if  antenna  profile  (height)  is  a 
factor. 

6.  Fading  and  Correlation  Properties  of  the 

Received  Signal 

The  received  signal  has  been  shown  by  our 
measurements,  as  well  as  by  the  measurements  made  by 
numerous  other  researchers,  to  be  a  fading  signal.  Thus, 
improved  performance  can  best  be  achieved  by  diversity  re¬ 
ception.  Our  correlation  measurements  show  that  both 
field  diversity,  using  collocated  loop  and  whip  antennas, 
and  space  diversity,  using  two  whip  antennas  spaced  approxi¬ 
mately  one-half  wavelength  apart,  are  possible.  From  a 
practical  point  of  view,  only  the  field  diversity  approach 
is  feasible  for  a  manpack  VHF  radio. 
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7.  Antenna  Developments 

Active  antennas  appe--  to  have  significant 
application  to  military  radios.  First,  because  they  are 
broadband,  they  can  be  used  as  auxiliary  receiving  antennas 
in  diversity  receivers  without  requiring  additional  tuning 
sections.  Secondly,  because  they  are  physically  small,  they 
have  good  low-profile  capabilities.  Third,  because  they  are 
decoupled  from  their  environment  by  the  unilateral  transistors, 
they  do  not  require  ground  planes  and,  when  used  in  arrays, 
they  do  not  cross-couple.  An  active  loop  antenna  would  be 
a  practical  means  of  implementing  an  applique  for  a 
diversity  VHF  receiver. 

5.2  Recommendations 

The  following  recommendations  are  based  on 
the  conclusions  of  this  study. 

1.  A  development  program  be  started  to 
build  and  test  a  VHF  diversity  receiver 
using  an  active  loop  antenna  as  the 
auxiliary  antenna. 

2.  A  research  program  be  started  to  de¬ 
termine  means  of  extending  the  range 
of  MOBA  radio  communications.  This 
should  include  both  consideration  of 
relay  techniques  and  the  use  of  other 
frequencies,  most  notably  HF. 

3.  Consideration  should  be  given  to  ex¬ 
ternally  deployed  antennas  for  use 
with  radios  in  the  interior  of  a 
building. 
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APPENDIX  II 

MULTITURN  LOOP  ANTENNA  DESIGN  FOR  VHF  RADIO 

1 .  Introduction 

In  this  appendix,  we  will  be  concerned  with  the  design 
of  a  multiturn  loop  antenna  (MTL)  for  VHF  communications  in 
the  20-80  MHz  band.  Thus,  the  appendix  will  be  divided  into 
two  subsections.  In  Section  2  we  give  a  general  description 
of  the  MTL  antenna  and  in  Section  3  we  give  the  specific 
design  of  the  MTL  antenna  used  to  make  the  propagation 
measurements  at  27  MHz  and  49.8  MHz. 
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2. 


The  Multiturn  Loop  Antenna 


An  overview  of  the  important  characteristics  of  the  multi 
turn  loop  antenna  ( MTL)  as  they  apply  to  design  for  VHF  mobile 
communications  is  presented  here.  Although  the  antenna  is  an 
electrically  small  element  with  regard  to  its  volumetric  dimen¬ 
sions,  it  uses  about  a  quarter  to  a  half  wavelength  of  con¬ 
ductor.  The  antenna  is  mounted  on  an  aluminum  disk  to  help 
isolate  the  antenna  from  its  surroundings  as  shown  in  Figure  1. 

The  basic  schematic  representation  of  the  MTL  antenna 
over  a  ground  plane  is  shown  in  Figure  2(a) [1].  From  the 
tuning  standpoint  the  MTL  may  be  considered  as  a  lumped 
inductance.  Using  the  configuration  shown  below,  where  the 
conductor  in  the  antenna  is  always  less  than  X/2  in  length, 
the  antenna  has  inductive  input  impedance.  This  allows  the 
use  of  low  loss  capacitive  matching  elements,  C„  and  C  . 

The  capacitor  CT  is  used  to  bring  the  tank  circuit  to  the 
desired  frequency  of  operation  and  CM  matches  this  combination 
to  the  feed  cable  (50  fi,  for  example) .  If  the  leakage  capa¬ 
citance  CT  between  each  antenna  loop  and  the  ground  plane  is 
sufficiently  small,  the  input  impedance  of  the  MTL  plus  tuning 
and  matching  elements  may  be  determined  from  the  circuit 
schematic  of  Figure  2 (b)  where  R  is  equal  to  the  radiation 

resistance,  R  ,  plus  the  skin  resistance,  R  ,  of  the  MTL 
r  r  ac 

and  L  is  the  inductance  of  the  MTL.  It  can  readily  be  de¬ 
termined  that 


Z. 

m 


(w) 


where 


Rloop(uj)  +  3  xloop(uj) 


(1) 


(2) 


GfiOUNl) 

Pune 


FIGURE  2(a)  Schematic  Representation  of  MTL  Antennas  and 
Tuning  and  Matching  Network 


FIGURE  2 (b)  Simplified  Circuit  Description  of  MTL  Input 
Impedance  Including  Matching  Elements 
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A  typical  MTL  characteristic  input  impedance  is  shown  in 
Fig.  3  as  a  function  of  frequency.  For  fixed  values  of  and 
L,  the  highest  frequency  of  operation  for  the  MTL  will  be 
restricted  to  the  lowest-resonant  frequency,  f^,  as  defined  in 
Eq.  (4) .  The  actual  frequency  of  operation  will  always  be  less 
than  f  as  shown  in  Fig.  3.  By  increasing  or  decreasing  the 
parallel  capacitance,  C^,  one  can  adjust  the  resonant  frequency, 
f^,  so  that  the  real  part  of  the  input  impedance  is,  say,  50 
ohms  at  a  desired  operating  frequency.  The  ratio  of  the  operat¬ 
ing  frequency,  fQ,  to  the  required  resonant  frequency,  f^_,  so 

that  R,  (f  )  =  50  ohms,  say,  is  plotted  in  Fig.  4  as  a  func- 
loop  o 

tion  of  the  ratio  r/R^q  (fQ)  f°r  various  parametric  values  of 

R/2rrf  L.  The  values  f  /f  =1  are  attained  when  the  desired 
o  or 

input  Iood  resistance,  R,  (f  ),  is  equal  to  resistance  of 

loop  o  22 

the  circuit  at  resonance,  R^O0p^r)  =  uur  L  /R  as  shown  in 
Fig.  3. 
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Equations  (3)  and  (5)  have  been  combined  to  plot,  in  Fig.  5, 


the  normalized  matching  capacitance,  ijj  LC  ,  as  a  function  of 

o  M 

the  ratio  f  /f  for  various  parametric  values  R/<jj  L.  Hence 
or  o 

having  knowledge  of  the  tank  circuit  resistance,  R,  inductance, 

L,  and  operating  frequency,  fQ,  one  can  determine  the  required 

values  of  C  and  C  from  Figs.  4  and  5  (and  Eq.  (4)),  respectively 
T  M 

The  resistance,  R,  and  inductance,  L,  are  determined  by 
the  physical  dimensions  of  the  MTL.  The  total  resistance  is 
equal  to  the  sum  of  the  radiation  resistance  and  skin  resistance 
of  the  antenna  [2]. 

The  radiation  resistance  is  given  by  [3] 


2  2/2nb> 


Rr  -  2onV(^) 


where  b  is  the  radius  of  each  loop  and  N  is  the  number  of  loops. 


The  ohmic  or  skin  resistance  is  approximately  given  by  [4] 

2rrfu  u  R 

R  .  2®  (— !  Cl  +  Uh  (7, 

ac  a  \ 


(vr  o 


where  a  is  the  radius  of  the  wire,  c  is  its  conductivity,  uq 

is  the  permeability  of  free  space,  and  R^/Ro  ^-s  a  correction 

term  due  to  proximity  effects  between  each  loop.  When  the 

turn  spacing,  d,  is  d  >  8a,  then  the  proximity  effect 

R  R  <<  1  [3].  Plots  of  the  skin  resistance  when  R  R  <<  1 
p  o  p  o 

for  a  copper  conductor  are  shown  in  Fig.  6  as  a  function  of 

frequency  for  various  antenna  dimensions,  N,  b  and  a.  Plots 

of  the  total  normalized  resistance  R/R„ _  =  1  +  R  /R  are  shown 

ac  r  a  c 

in  Fig.  7  as  a  function  of  frequency  for  various  MTL  dimensions. 
Hence  we  can  determine  the  total  resistance  of  a  MTL  antenna 


from  knowledge  of  the  wire  radius,  a,  loop  radius,  b,  and  number 
of  turns,  N  from  Figs.  6  and  7,  provided  the  turn  spacing,  d, 
satisfies  d  >  8a. 


The  inductance  of  the  MTL  in  microhenries 


is  given  by' 


L 


2bN 


2 


18  + 


2  0ta 
b 


(8) 


where  the  length  of  the  MTL  antenna,  l  ,  and  b  are  in  inches. 

2  3 

A  plot  of  L/2bN  as  a  function  of  8b /t  is  shown  in  Fig.  8. 

d 

The  optimum  dimensions  of  the  MTL  antenna  are  selected  so 
as  to  maximize  the  efficiency  of  the  antenna.  The  efficiency  of 
the  antenna  may  be  expressed  as 


Rr 

Ea  ~  R  +  R 

r  ac 


(9) 


Hence  from  (G) ,  (7)  and  (9) ,  the  theoretical  efficiency  of  the 

MTL  antenna  is  found  to  be  given  by 


(10) 


where  ar  is  the  ratio  of  the  conductivity  of  the  loop  wire  to 
that  of  copper  and  f^  is  the  operating  frequency  in  MHz.  Eq. 

(10)  has  been  plotted  in  Fig.  9  as  a  function  of  frequency  for 
various  loop  dimensions  and  serves  as  the  basis  for  the  design 
of  the  MTL  antenna. 

Thus  it  is  possible  to  maximize  the  efficiency  of  the 
antenna  at  a  chosen  frequency  by  selecting  the  parameter  Mb^a 


nf 
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from  Fig.  9.  The  tuning  and  matching  capacitances  may  then 
theoretically  be  obtained  from  Figs.  4-8.  However,  it  should 
be  kept  in  mind  that  the  analysis  leading  up  to  Figs.  4  and  5 
was  done  assuming  an  infinite  ground  plane.  When  the  ground 
plane  is  less  than  about  X/2  in  diameter  reduced  efficiencies 
should  be  expected. 

3 .  MTL  Antenna  Design  for  Use  at  27  MHz  -  80  MHz 

Since  the  efficiency  of  the  MTL  for  a  given  physical 

size  increases  with  frequency  we  selected  the  dimensions  of 

the  MTL  so  that  a  minimum  efficiency  of  10%  would  be  acceptable 

at  30  MHz.  Then,  from  Fig.  9  we  have  that  the  minimum  size 

3  4 

of  the  antenna  must  be  N  b  a  >  10  in  .  Furthermore,  if  we 
select  1/2"  copper  tubing  (i.e.,  2a  =  1/2")  for  the  antenna, 
pick  loop  diameters  of  5.6"  and  5"  we  can  compare  two  antenna 
designs  having  the  following  dimensional  parameters: 


a 

b 

N 

la 

Nb3a 

Nb/a 

E  at  3  0 
a 

Design  1 

1/4" 

2.8" 

5 

8" 

27.44  in4 

56 

20% 

Design  2 

1/4" 

2.5" 

4 

6" 

15.63  in4 

40 

12% 

From  Fig.  8  we  find  that  the  inductances  of  Design  1  and 
Design  2  are  LL  =  1.862  uh  and  L 2  =  1.212  uh,  respectively. 

The  tank  circuit  resistance  values  and  tuning  and  matching 
capacitances  for  each  design  for  operating  frequencies  in  the 
30  -  80  MHz  band  are  found  from  Figs.  4  to  8  and  are  summarized 
in  Table  1  for  the  desired  input  resistance  R-j_00p  =  50  ohms. 

The  actual  dimensions  used  to  build  the  MTL  antenna  used  in 
the  27  MHz  measurements  were  those  of  Design  1.  The  MTL  antenna 
used  to  make  the  measurements  at  49.8  MHz  was  a  3  turn  loop 
antenna  (of  equal  diameter  and  copper  tubing  size!  developed  by 
Ohio  State  for  the  AN/PRC-77  and  described  in  Reference  [1]. 
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APPENDIX  TIT 


PERFORMANCE  OF  A  DUAL- DIVERS I TV  SELECTION  COMBINER 
IN  CORRELATED  RAYLEIGH- LOGNORMAL  FADING 


In  this  Appendix  we  investigate  the  effects  of  the 
variability  of  the  mean  signal  level  in  each  branch  of  a 
correlated  dual-diversity  selection  combiner  on  the  per¬ 
formance  of  the  combiner.  The  performance  of  the  combiner 
is  primarily  determined  by  the  diversity  gain 'which  is 
generally  defined  as  the  difference  between  the  average 
signal- to-noise  ratio  (in  dB)  required  to  achieve  a  certain 
'grade  of  service'  with  the  diversity  system  compared  to 
the  average  signal-to-noise  ratio  (in  dB)  required  to  achieve 
the  same  level  of  performance  when  no  diversity  is  used. 

This  diversity  gain  can  be  determined  from  the  cumulative 
probability  distribution  function  of  the  output  of  the 
combiner.  The  cumulative  probability  distribution  function 
of  the  output  of  a  dual-diversity  selection  combiner  is 
well  known  for  the  case  in  which  the  signals  in  the  two 
diversity  branches  are  Rayleigh  fading  and  correlated. 
However,  signals  in  urban  and  suburban  areas  have  been 
found  to  exhibit  rapid  fluctuations  (Rayleigh  fading) 
about  a  mean  signal  level  which  is  also  varying  (but  much 
more  slowly).  Thus,  we  will  be  primarily  concerned  with 
determining  the  effect  of  variations  in  the  mean  signal 
level  (in  each  branch)  on  the  diversity  gain  of  a  dual¬ 
diversity  selection  combiner. 

In  addition  we  will  also  determine  the  effect  of 
correlation  between  the  branches  on  the  diversity  uain  and 
the  average  fade  duration  at  the  output  of  the  combiner. 
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The  effects  of  correlation  between  the  branches  is  important 
when  the  antenna  spacing  (in  a  space  diversity  situation) 
is  less  than  a  wavelength  or  when  the  antenna  heights  are 
well  above  the  buildings  and  other  obstacles  in  the  -.-.mediate 
surroundings  [Lee,  1977].  The  antenna  spacing  in  a  mobile 
communications  link  will  necessarily  be  less  than  a  wave¬ 
length  when  the  frequency  is  in  the  lower  VHP  range  '20-80  khz) 
or  lower,  while  the  antenna  height  will  be  above  the  sur¬ 
rounding  obstacles  when  diversity  is  used  at  the  base- 
station. 

1.  Cumulative  Probability  Distribution 

The  cumulative  probability  distribution  is  defined  as 
the  probability  that  the  signal  level  at  the  output  of  the 
selection  combiner,  S,  is  below  some  threshold  level,  S_. 

In  an  environment  dominated  by  ambient  (atmospheric  or  man¬ 
made)  noise  such  as  urban  and  suburban  areas  at  VHF  and 
lower  UHF ,  the  threshold  level  is  usually  defined  as  the 
average  ambient  noise  level.  In  this  case,  the  average 
signal-to-noise  (SNR)  ratio  in  each  diversity  branch  is 
independent  of  the  receiving  antenna  gain  as  long  as  the 
received  signal  level  at  the  antenna  input  port  remains 
above  the  receiver  thermal  noise  level.  Furthermore,  if 
that  is  the  case,  then  we  can  assume  that  the  mean  signal 
levels  in  the  two  diversity  branches  are  the  sane. 

When  the  envelopes  of  the  signals  in  the  two  diversity 
branches  are  correlated  and  each  is  Rayleigh  distributed 
with  equal  mean  power  (i.e.,  mean-squared  amplitude)  level 
S  ,  the  cumulative  distribution  of  the  output  of  the 
selection  combiner  is  given  by  [Schwartz,  Bennett  and 
Stein,  1966] 
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(1) 


P(S£St/So)  =  1  -  exp(-S  /SQ) [1-Q(a,ca)  -  Q(ca,a)] 


where 


(2) 


and  Q(a,b)  is  the  Marcum  Q-function  defined  as 

«  2  2 

Q(a,b)  =  /  exp  {-  — - 2—}  I  (ax)  x  dx.  (3) 

b  2  ° 

When  the  transmitting  and  receiving  stations  are  both 
fixed  or  moving  within  a  small  area,  the  mean  signal  power 
level  is  constant  (and  known) .  Then  the  cumulative  dis¬ 
tribution  of  the  output  of  the  selection  combiner  is  exactly 
that  given  by  (1)  .  However,  when  either  the  transmitting 
and/or  receiving  stations  are  moving  within  an  area  of 
radius  greater  than  a  few  wavelengths,  then  the  mean  signal 
level  tends  to  fluctuate  randomly  due  to  variations  in  the 
shadow  losses  caused  by  the  buildings  and  trees  in  the  area. 

In  this  case,  an  additional  averaging  over  the  variability 
of  the  mean  signal  level  is  required  when  computing  the 
(mean)  cumulative  distribution.  Thus,  the  (mean)  cumulative 
distribution  is  better  defined  as 

00 

P(S<ST)  =  /  P(S<ST/So)  p(So>  dSo  (4) 

—  00 

where  p(SQ)  is  the  probability  density  function  of  the  mean 
signal  level,  S  . 
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The  large  area  variations  in  the  mean  signal  level, 

S  ,  have  been  found  to  be  lognornally  distributed  about 

a  'global'  mean  also  known  as  the  median  signal  level, 

S  [Longlev,  1976,  and  Okumura,  1968].  Hence, 
o 


p(so} 


10  log1Qe 
/2tt  a  S 

o 


s  \2  ri 

10  log1Q  /2a^J>,  SQ>0 

So  j  J 


(5) 


where  a  is  the  standard  deviation  of  the  mean  signal  level 
about  the  median  in  dB . 

If  we  substitute  equations  (1)  and  (5)  in  Eq.  (4) , 
we  can  then  solve  for  the  cumulative  distribution  numerically. 
Plots  of  P  ( S<S,p)  as  a  function  of  3t/Sq  for  various  corre¬ 
lation  values  p  and  standard  deviations  a  =  0  dB  and 
a  =  8  dB  are  given  in  Section  3  (Figs.  3.2-1  and  3.2-2). 

The  case  a  =  0  corresponds  to  a  situation  in  which  trans¬ 
mitter  and  receiver  are  fixed  and  the  mean  signal  level  is 
constant  and  known  (pure  Rayleigh  fading) .  A  variability 
of  a  =  8  dB  is,  on  the  other  hand,  more  typical  for  a  mobile 
urban  radio  link. 

2 .  Diversity  Gain 

The  diversity  gain  as  defined  in  the  introduction,  may 
be  interpreted  as  a  reduction  in  the  transmitted  power  re¬ 
quired  to  achieve  a  certain  'grade  of  service',  e.g., 

-2 

P(S£S,j,)  <_  10  .  Thus,  in  a  'pure'  Rayleigh  fading  ( r  =  0  dB; 

situation  we  can  see  (Fig.  3.2-1)  that  a  system  using  dual 

—  2 

selection  diversity  will  require  (for  P(S<ST)  =10  )  a 

median  SNR,  Sq/St,  that  is  10.2  dB  lower  than  that  required 
when  no  diversity  is  used  (o  =  1) ,  if  the  two  branches  are 
uncorrelated  (p  =  0),  and  8.8  dB  lower  SNR  (or  transmitted 
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power)  if  the  correlation  between  the  branches  is  .7.  When 
the  variability  in  the  mean  signal  level  is  8  dB  (i.e., 
a  =  8  dB) ,  the  diversity  gain  is  6.8  dB  if  the  branches 
are  uncorrelated  (p  =  0)  and  5.8  dB  if  the  correlation 
between  the  branches  is  0.7.  The  effect  of  the  variability 
of  the  mean  signal  level  is  then  to  reduce  the  diversity 
gain  (by  about  3  dB) .  However,  the  diversity  gain  is  still 
significant  even  if  the  correlation  between  the  branches  is 
0.7. 

The  diversity  gain  may  be  interpreted  as  an  increase 
in  the  range  of  the  transmitter  for  a  given  transmitter 
power.  The  reason  is  that  the  median  SNR  at  the  receiver, 
Sq/St,  decreases  with  transmitter-receiver  separation  so 
that  the  minimum  acceptable  median  SNR  corresponds  to  the 
maximum  allowable  transmitter-receiver  separation  (range). 
Thus  a  decrease  in  the  minimum  acceptable  SNR  (due  to  di¬ 
versity  gain)  corresponds  to  an  increase  in  the  range  of 
the  transmitter.  The  increase  in  range  due  to  the  diversity 
gain  is  shown  in  Fig.  3.2-3  as  a  function  cf  the  rate  of 
increase  of  the  path  loss  and  for  various  correlation 
values  and  variability  in  the  mean  signal  level.  When 
the  path  loss  increases  at  a  rate  of  40  dB/decade,  the  range 
of  a  system  employing  dual  selection  diversity  will  increase 
by  a  factor  of  1.8  if  the  two  branches  are  uncorrelated  and 
by  a  factor  of  1.66  if  the  correlation  is  .7  provided  there 
is  no  variability  in  the  mean  signal  level  (o  =  0  dB) . 

When  the  variability  is  8  dB ,  the  increase  in  range  is  in 
the  order  of  1.4  (p  =  0.7)  to  1.48  (p  =  0). 


Average  Fade  Duration  and  Level  Crossing  Rate 

The  average  duration  of  fades  below  a  threshold  level 
sx  has  been  shown  to  be  given  by  [Jakes,  1974] 
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p(S<ST) 

TD(ST)  =  N  (  S  „, ) 

X 

where  N(S^)  is  the  average  level  crossing  rate  defined  as 
expected  rate  at  which  the  envelope  of  the  output  of  the 
selection  combiner  crosses  the  specified  threshold  level, 
S^,  in  the  positive  direction.  In  general,  it  is  given  by 
[Rice,  1948] 

00  •  • 

N(r)  =  /  rp  (r,r)  dr 
o 

where  r  =  v" 2 S  is  the  amplitude  of  the  envelope  at  the  out 

•  • 

put  of  the  combiner,  r  is  its  rate  of  chance,  and  p(r,r) 
is  the  joint  probability  density  of  the  envelope  and  its 
rate  of  change. 

The  joint  probability  diversity  p(r,r)  for  a  dual- 
diversity  selection  combiner  can  be  obtained  from  its 
joint  distribution  function 


F(£,n) 


P(r <5,  r<n) 


P(rL>r2)  P(r1£C,  riin/ri >r2 } 


+  Pir2>ri)  P(r2<£, 


since 

t=r 
n=r  • 

where  r^  and  r2  are  the  envelopes  in  the  two  branches. 


oz,  3  n 
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Hence,  using  (8)  and  (9)  in  (7)  we  find  that  the 
average  level  crossing  rate  for  a  dual-diversity  selection 
combiner  is  given  by 


»  r  . 


N(r)  -  j  j  r  p(r1=r,r2,r1=r)  dr2  dr 


00  r  . 


/  /  r  p(r1(r2=r,r2=r)  dr^ 


Based  on  a  theoretical  model  of  the  urban  channel 
[Jakes,  1974],  Lee  [1978]  has  shown  that  the  envelopes 
and  their  derivatives  in  each  of  the  branches  are  inde¬ 
pendent,  i.e.,  p(r1,r2,r1,r2)  =  p(r,  ,r2)  p(r1,r2).  Hence 
it  follows  that 


p(r1,r2,r1)  =  p(r1 ,r0)  p(r 


1'  2‘ 


P ( r1 ' r2 ' r2 )  =p(r1,r0)  p(r,) 


l/‘2‘ 


where  p(r^,r2)  is  the  joint  density  of  the  envelopes  in  the 
two  correlated  diversity  branches,  and  p(r^)  and  pfr2)  ate 
the  densities  of  their  time  derivatives. 

When  the  two  envelopes  are  Rayleigh  fading  with  equal 
mean  signal  level,  S  ,  and  are  also  correlated,  their  joint 
density  function  is  given  by  (e.g.,  [Jakes,  1974]) 


P(rl'r2/So! 


^  2  2  " 

rir2  ;  ri  +  r2 

~2 - 2~  exp  \ - 2~ 

S*  (1-0*)  1  2-Sq  ( 1-c ^ ) 


0  rir2  \ 


\1-P‘ 
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y  trfrrr 

if  t  : 


Furthermore,  since  the  two  diversity  signals  have  been  assumed 
to  have  equal  mean  power,  S  ,  they  are  identically  distri¬ 
buted  and  so  are  their  derivatives  [Jakes,  1974].  Thus, 

•  •  .  exp{-r^/2  S  (kv)^} 

P(ri/S)  =  P^r2/Sn)  =  P(r/Sr>  =  - 2 -  (13) 

1  °  *  °  °  / 2tFs~  (kv) 

o 

where  k  =  2tt/X,  X  is  the  wavelength  and  v  is  the  velocity 
of  the  receiver  relative  to  the  transmitter.  The  ratio 
v/X  is  the  fading  rate. 

Since  the  joint  density  Ptr-^r-)  is  symmetric  in  the 
two  variables  and  p(r  )  =  p(r2),  then  (10)  may  be  written 
as 
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Substituting  (13)  and  (15)  in  (14),  we  find  that  the 
average  level  crossing  rate  for  a  given  mean  signal  level, 

so'  is 


N(r/S0) 


2  kvr 
/2itS 

o 


-r2/2S 
e  o 


(1-Q(pa",a")  ]  . 


(17) 


When  the  mean  signal  level  is  also  fluctuating  ran¬ 
domly,  the  average  level  crossing  rate  is  given  by 


00 

N(r)  =  /  N(r/S  )  p(SQ)  dSQ. 
o  ^ 


(18) 


If  the  desired  level  is  the  threshold  level,  S  , 
then  we  set  r  =  v'2s  in  (18)  and  a"  =  a  in  (16).  Then, 
the  average  duration  of  the  fades  below  can  be  obtained 
from  a  numerical  evaluation  of  the  cumulative  distribution 
and  the  average  level  crossing  rate  N(r  =  /Ts^,)  .  Plots 

of  the  average  fade  duration  TD^ST)  as  a  function  of 
St/Sq  for  various  correlation  values  p  and  standard  de¬ 
viations  a  =  0  dB  and  o  =  8  dB  are  given  in  Section  3 
(Figs.  3.2-4  and  3.2-5).  The  case  a  =  0  dB  corresponds 
to  a  situation  in  which  the  mean  signal  level  is  constant 
(pure  Rayleigh  fading).  From  these  curves  (Fig.  3.2-4) 
we  see  that  even  a  small  amount  of  decorrelation  (c  =  .9) 
reduces  the  average  fade  duration  significantly  provided 
the  median  signal-to-noise  ratio  Sq/St  is  greater  than 
10  dB.  When  the  two  signals  are  uncorrelated  (p  =  0)  , 
the  averaged  fade  duration  is  half  of  what  it  would  be  if 
no  diversity  were  used  (p  =  1) .  From  the  curves  of  Fig. 
3.2-5  we  see  that  variations  in  the  mean  signal  level  in¬ 
crease  the  average  fade  duration  for  a  given  median  signal- 
to-noise  ratio,  S  /S  ,  as  one  might  expect.  In  either 
case,  the  average  fade  duration  decreases  as  the  fading 


rate,  v/A,  increases.  Note  that  as  the  relative  velocity 
of  the  receiver  approaches  zero  so  does  the  fading  rate, 
and  the  average  fade  duration  becomes  indeterminate.  In 
this  limiting  case  the  fade  duration  is  either  zero  or 
infinite  depending  on  whether  the  received  signal  level  is 
above  or  below  threshold. 

4 .  Conclusions 

We  have  shown  in  this  appendix  that  dual-diversity 
reception  in  an  urban  channel  using  a  selection  combiner 
results  in  a  significant  diversity  gain  even  when  the 
correlation  between  the  branches  is  as  large  as  o  =  .7. 

The  diversity  gain,  in  the  form  of  a  lower  power  require¬ 
ment  or  range  increase,  decreases  as  the  variability 
(standard  deviation  o)  in  the  mean  signal  level,  S  , 
increases.  The  maximum  tolerable  variability  for  a 

diversity  gain  greater  than  5  dB  with  correlation  o  =  .7 

-2 

and  grade  of  service  P(S<ST)  =  10  is  in  the  order  of 
o  -  10  dB.  Similarly,  we  have  also  shown  that  diversity 
reception  reduces  the  average  fade  duration  by  a  factor 
of  2  when  there  is  no  variability  in  the  mean  signal 
level  (a  =  0  dB)  and  by  a  factor  of  1.3  (p  =  .7)  to  1.4 
(p  =  0)  when  the  variability  in  the  mean  signal  level  is 
a  =  8  dB . 
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APPENDIX  IV 

Active  Antennas  for  Mobile  Rec 


1.0  Introduction 


In  order  to  assess  the  potential  for  active  antennas  in 
mobile  communication  systems,  the  subject  is  reviewed  with  the 
objective  of  identifying  their  major  performance  and  design 
parameters.  Active  antennas  have  been  reported  in  the  litera¬ 
ture  for  a  number  of  applications: 

1)  Extremely  wideband  optimization  of  system  signal- 
to-noise  ratio  (SNR)  in  the  VHF  frequency  range 
and  lower. 

2)  Reduction  of  mutual  coupling  effect?  in  arrays  for 
transmit  and  receive.  This  implies  an  increased 
bandwidth. 

3)  Increased  bandwidth  of  transmit  and  receive  antennas. 

The  results  summarized  in  this  introduction  emphasize  the 
wideband  receive  SNR  optimization  of  item  1)  that  has  applica¬ 
tion  to  mobile  communications  in  the  30  to  80  MHz  band.  Addi¬ 
tional  technical  details  in  support  of  this  item  and  the  other 

4 

items  cited  above  will  be  subsequently  addressed.  The  articles 
on  the  subject'  of  active  antennas  that  have  been  published  are 
of  a  restricted  scope  and  use  varying  notational  conventions. 

For  that  reason  an  overall  summary  is  developed  before  discussing 
particular  publications  in  the  last  section. 

The  elements  in  the  block  diagram  of  Fig.  1  represent  a 
"•■•er.tional  receive  communication  system.  Optimal  operation 
"::res  that  the  svstera  noise  temperature  be  kept  minimal.  The 
■  *  irictive  features  of  the  configuration  are  the  remoteness  of 
■  '•  r.r.a  and  tuning  network  from  the  first  amplifier  stage 
intervenino  50  ohm  cable.  Consecuentlv  the  antenna  and 
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l’’ig.  1  Conventional  remote  antenna  and  receiver  configuration 
that  are  separately  matched  into  50  ohms 


tuning  network  must  be  matched  into  50  ohms.  For  electrically 
small  antennas  that  often  occur  in  the  lower  part  of  the  VHF 
band  and  at  lower  frequencies ,  this  results  in  high  Q,  narrow- 
band  matching  in  order  to  maintain  acceptable  efficiencies. 

Even  when  the  preamp  is  brought  right  up. to  the  base  of  the 
antenna,  50  ohm  matching  at  the  interface  still  imposes  narrow- 
band  operation.  Wideband  operation  exceeding  a  few  percent  is 
achieved  only  at  the  expense  of  manual  or  mechanized  switching 
or  variation  of  the  tuning  network. 

The  system  noise  temperature  of  the  configuration  in 

Fig.  1  depends  on  the  external  or  antenna  noise  temperature  T  , 

A 

the  efficiency  r)  of  the  antenna  and  matching  network,  and  the 
receiver  noise  figure  F  as  shown  by  the  equation  in  the  lower 
part  of  the  figure.  Since  T  /T  is  often  very  much  less  than 

v 

unity,  a  certain  amount  of  inefficiency  can  be  tolerated  with 
little  degradation  to  system  performance.  Usually  the  system 
cannot  tolerate  the  additional  mismatch  losses  incurred  over 
wide  bandwidths  without  retuning.  The  effect  of  any 
intervening  transmission  line  between  the  antenna  and  match¬ 
ing  network  is  to  amplify  the  frequency  variation  of  the  antenna 
impedance  and  mismatch.  This  is  demonstrated  by  the  loci  on 
the  three  Smith  charts  a),  b) ,  and  c)  of  Fig.  2.  In  a)  the  locus 
is  that  of  a  one  foot  monopole  observed  at  its  base  =  0) 

when  the  frequency  is  increased  from  f  to  f (30  to  80  MHz) . 

For  the  electrically  small  antenna  as  occurs  here,  the  reactance 
ratio  x^/x0  is  in  direct  proportion  to  f  /f  .  In  t*ie  case  °*  ^)  » 
one  eighth  wavelength  of  80  MHz  line  has  been  added.  The  reactance 
ratio  x^/x?  —  3. 2/. 85  =  3.76  now  exceeds  f^/f  ~  80/30  =  2.67. 

In  case  c)  where  one  half  wavelength  of  80  MHz  line  has  been 
added,  the  impedance  variation  has  become  quite  complex , going 


IV- 4 


from  capacitive  to  inductive  and  back  to  capacitive  as  the 
frequency  is  increased  from  f  to  f^« 

The  basic  idea  behind  the  active  antenna  as  a  receiving 
element  shown  in  the  block  diagram  of  Fig.  3  is  that  the  anten¬ 
na  element  can  be  integrated  directly  into  tne  input  matching 
network  (Ml)  of  the  transistor.  This  eliminates  the  50  ohm 
interface  requirement  that  had  been  the  major  cause  of  the  nar¬ 
rowband  limitation  previously  encountered.  For  this  circuit 
integration,  the  electrically  short  antenna  is  representable 
by  a  series  capacitance  C  and  a  frequency  dependent  resistance 

R  .  These  and  related  parameters  are  summarized  in  Table  I  for 
A 

an  arbitrary  monopole  electrical  height  (kQh)  and  for  the  particu 
lar  case  of  a  12  inch  monopole  at  30  and  80  MHz. 

Table  I 

Short  Monopole  Impedance  Parameters 
v.  =  3  x  108  m/s  =  11.8  x  109  in/s 


Parameter  . 

v  -  2-a 

0  vo 

h= 

30  MHz 

12" 

80  MHz  ! 

1 

c*  -  Pfa 

85  hin/Z0s 

4.0. 

4.0  ! 

Z0A-  0 

60  Un  h/a-1) 

255 

255 

X*  -  C 

1 

-  =  -  Z„  /k  h 

U)C  0A  0 

A 

-1327 

-500 

.  <0  f*hi 


The  design  objectives  for  the  output  matching  network  M2 

in  Fig.  3  are  the  most  straightforward.  The  conjugate  match 
M2  /  T*\ 

reflection  that  M2  presents  to  the  active  element 

output  is  derived  from  gain  and  gain  flatness  considerations. 
However,  the  design  of  the  input  matching  network  Ml  is  consider¬ 
ably  more  constrained.  Three  conditions  must  be  simultaneously 
satisfied  in  order  to  maximize  the  system  s ignal-to-noise  ratio. 
The  design  is  a  compromise  between: 

1)  Minimizing  the  active  element  noise  figure  F^  by 

adjusting  the  source  resistance  R  to  minimize  the 

S  .  -1 
combined  thermal  noise  (C^R^)  anc^  shot  noise  (C^Rg  ^ 

of  the  transistor. 

2)  Obtaining  some  power  gain  by  adjusting  the  reflection 

coefficient  =  f(S^*)  as  nearly  as  possible  to 

the  maximum  power,  conjugate  match  value.  While  maxi¬ 
mum  gain  of  the  active  element  is  not  the  primary 
design  goal,  sufficient  gain  is  required  of  the  first 
amplifier  to  eliminate  subsequent  contributions  to 
the  front  end  noise  figure  since 


3)  Maximizing  the  efficiency  n  of  the  antenna  and  match¬ 
ing  network. 

There  is  no  unique  solution  in  practice  to  these  multiple  re¬ 
quirements.  The  general  condition  that  must  be  satisfied  for 
near  optimal  system  s ignal-to-noise  performance  is  that  the  de¬ 
gradation  factor  v  cited  in  Fig.l  must  be  as  near  unity  as  re¬ 
quired.  When  is  much  less  than  unity  this  requires 


IV- 8 


(3) 


_a. 

fn 


S  M 


Values  of  the  margin  factor  M  are  related  to  the  degradation 

y  in  Table  II. 


Table  II 

Noise  Figure  Degradation  y 
versus 

Margin  Factor  M 


y-dB  Loss 

M 

0.5 

8.20 

1.0 

3.86 

2.0 

1.71 

3.0 

1.00 

5.0 

0.46 

10.0  j 

1 

0.11 

There  are  two  distinctive  features  to  the  low  frequency 
behavior  of  electrically  small  (monopole)  antennas  and  anten¬ 
na  noise  that  have  in  practice  enabled  extremely  wideband, near 
optimal  integration  into  the  transistor  matching  network.  The 
first  is  that  over  the  entire  low  frequency  range  where  the 
monopole  is  less  than  X/12,  the  reactive  portion  of  the  mono¬ 
pole  impedance  is  representable  by  a  well-defined,  frequency- 
independent  capacitance.  Therefore,  its  reactive  behavior 
in  the  equivalent  circuit  of  the  matching  network  is  simple 
and  amenable  to  wideband  integration.  The  second  feature  is 
that  the  cubic  law  decrease  of  the  antenna  0  with  frequency  and 
increase  in  untuned  efficiency  are  compensated  in  part  by  the  de¬ 
crease  in  the  external  or  antenna  noise  temperature  which  is  nearly 


■SP 


IV- 9 


square  law  at  20  dB  per  decade.  Thus  the  terms  on  both  sides 

of  equation  (3)  ,  r)/P  and  T  /T  decrease  in  roughly  the  same 

proportion  over  an  extremely  wide  frequency  range  because  the 

active  element  noise  figure  F  usually  decreases  with  frequency. 

N 


Because  of  the  large  reactance  that  the  electrically  small 
antenna  presents  to  the  transistor  input,  FET's  with  their  very 
high  input  impedance  have  been  found  to  be  the  most  suitable 
for  receive  active  antennas. 


The  design  of  the  matching  networks  Ml  and  M2  for  the  case 
of  the  active  transmit  antenna  as  shown  in  Fig.  4  is  much  less 
constrained.  The  only  active  element  parameter  to  be  optimized 
is  the  gain.  The  matching  networks  Ml  and  M2  are  derived  solely 
from  conjugate  match  considerations  for  power  gain  and  gain  flat¬ 
ness.  The  interface  of  Ml  to  the  input  signal  must  be  matched 
to  50  ohms.  Common  emitter  silicon  bipolar  transistors  have 
been  found  to  be  compatible  with  the  moderate  50  ohm  input  and 
high  output  impedance  level  requirements  for  active  transmit 
antennas. 


2.0  RF  Transistor  Amplifier  Design 

This  section  reviews  some  standard  design  procedures  for 
optimizing  the  low  noise  and  low  power  gain  of  RF  transistor 
amplifiers.  The  assumption  is  that  the  design  of  an  active 
receiving  antenna,  for  example,  is  a  low  noise  amplifier  design 
with  the  additional  constraint  that  the  input  matching  circuit 
that  normally  assumes  a  50  ohm  source  must  now  be  designed  to 
accommodate  the  highly  reactive,  low  resistance  source  that  is 
presented  by  an  electrically  small  antenna.  The  total  design 
is  a  trade-off  between  the  net  gain,  noise  figure,  anc  antenna 
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•ansmit  configuration  with  optimized  output  power 


efficiency.  Such  a  design  is  not  unique  and  depends  on  the 
ambient  noise  temperature  which  at  a  single  frequency  can 
change  by  as  much  as  40  dB  from  electrically  quiet  to  noisy 
environments . 


The  left  hand  side  of  Fig.  5  gives  an  idealized  low  fre¬ 
quency  model  of  a  junction  transistor  in  the  common  base  and 
common  emitter  configurations  [1,10],  The  common  emitter  form 
is  perhaps  the  most  often  used  because  it  has  both  voltage  and 
current  gain  and  input  and  output  impedances  that  are  more 
nearly  compatible  for  cascading  similar  stages.  The  common  base 
configuration  has  a  very  low  input  impedance  and  high  output 
impedance  with  nearly  unity  current  gain. 


At  RF  frequencies,  the  effect  of  all  the  parasitic  lead 
inductances,  contact  resistance,  and  mutual  capacitances  must 
be  included.  An  example  of  an  RF  transistor  equivalent  circuit 
with  all  the  parasitics  included  is  shown  on  the  right  hand  side 
of  Fig.  5  T21.  A  viable  method  for  dealing  with  these  unavoid¬ 
able  parasitics  in  the  design  of  RF  amplifiers  is  to  characterize 
the  transistor  by  a  complete  set  of  experimental  data.  In 
particular,  S-parameters  have  proved  to  be  best  suited  for  RF 
measurements  of  transistors  because  all  of  the  parameters  are 
obtained  with  matched  sources  and  terminations.  This  eliminates 
the  possibility  of  spuriously  induced  oscillations  [3], 


The  diagram  and  equations  of  Fig.  6  define  the  incident 
and  reflected  wave  variables  (a,b)  that  are  the  basis  for  the 
S-parameter  representation.  The  matched  contrition  requirement 
for  the  measurement  of  S  for  example,  follows  from  the  fact 
that  a^  -  0  implies  that  port  2  is  perfectly  terminated.  No 
reflection  of  the  transmitted  wave  b^  occurs  to  reenter  the 
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Low  frequency 


Two  sets  of  parameters,  (aj,  b|)  and  (a:,  b-),  rep¬ 
resent  the  incident  and  reflected  waves  for  the  two- 
port  network  at  terminals  1-T  and  2-2'  rcsDectively. 

The  scattering  parameters  for  the  two-port  network 
are  given  by 

bj  =*  Bn  &i  ,-f-  Si*  Ht 
bj  “=  Eji  aj  +  &! 
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Scattering  parameter*  are  defined  by  this  repiesentation  of  a  two  port  network  Two  sets  of  incident  and  reflected 
parameters  (a„  b.)  and  (a:.  b:)  appear  at  terminals  11'  and  2  2'  respectively 


Fig.  6  [3; 
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The  relation  of  the  wave 


network  and  perturb  b^/a^  =  S^. 
variables  (a,b)  to  the  circuit  parameters  (V,I)  is  also  given 
in  Fig.  6. 

Figure  7  presents  the  measured  S-parameters  of  a  small 
signal,  low  power,  low  noise  transistor  [4],  It  is  observed 
that  at  the  low  end  of  the  frequency  band  (100  MHz)  the  input 
resistance  is  slightly  less  than  50  ohms  and  has  a  capacitive 
reactance.  The  output  impedance  level  is  much  higher  for  both 
the  real  and  reactive  parts.  The  corresponding  forward  trans¬ 
mission  coefficient  is  around  8.  The  reverse  transmission 

coefficient  is  about  0.03.  The  extent  to  which  |  ^^.2^2 1  ^  ^ 

for  a  transistor  represents  the  unilateral  approximation.  This 
simplifies  the  amplifier  design  procedure  and  enables  the  trans¬ 
istor  to  buffer  impedance  mismatches. 


Power  Gain  Design  [3] 


Appendix  A  summarizes  the  S-parameter  relationships  that 
have  been  developed  for  the  design  of  RF  transistor  amplifiers. 
The  major  features  of  that  summary  are: 


•  Unilateral  Approximation 

•  Unilateral  Figure  of  Merit  -  U 

•  Unilateral  Transducer  Power  Gain. 

This  is  valid  to  the  extent  U  is  small. 
When  it  is  valid  one  has 
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Silicon  RF  small  signal  characteristics, 
2N3839  NPN ,  Motorola  RF  Data  Manual  1978 


Constant  Gain  Circles  on  the  Smith  Chart 
Stability  Conditions 

Source  and  Load  for  Simultaneous  Match. 


•• 


It  is  noted  that  the  unilateral  power  gain  as  defined  by  Eq. (4) 

can  exceed  the  gain  of  the  transistor  into  a  50  ohm  load 

.  ,2 

G,j,  -  1^2^  I  •  When  Ml  and  M2  are  conjugate  matches  one  has 


(5) 
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An  amplifier  designed  with  a  transistor  of  the  S^^  characteristics 
shown  in  Fig.  7  could  have  a  low  frequency  power  gain  that  ex¬ 
ceeds  82  =  64  (18  dB) . 

The  unilateral  gain  for  the  characteristics  of  the  tran¬ 
sistor  displayed  in  the  upper  part  of  Fig.  8  monotonically  de¬ 
crease  from  a  low  frequency  maximum  of  29  dB  to  0  dB  at  10  GHz. 

It  represents  the  maximum  power  that  could  be  obtained  when  the  . 
proper  conjugate  match  impedance  is  provided  at  each  frequency. 
Often  it  is  desired  to  obtain  a  uniform  gain  across  a  frequency 
band  rather  than  the  maximum  possible,  but  monotonically  de¬ 
creasing,  gain  with  frequency.  In  this  case  the  matching  network 
impedance  locus  is  determined  by  inspection  of  the  constant  gain 
contours  of  the  conjugate  match  impedances.  The  concept  of  deter¬ 
mining  the  impedance  locus  from  parametric  contours  on  the  Smith 
Chart  has  been  generalized  by  Meinke  et  al  [9*  for  noise  figure 
performance  and  will  be  reviewed  in  Section  5. 


Characteristics  of  microwave  transistor  as  a  function  of 

frequency. 


8  Gain  and  noise  figure  characteristics  of  microwav 
transistor  T2,41 


Low  Noise  Design 

The  noise  performance  of  a  junction  transistor  has  been 
modeled  by  Neilson  [4] .  The  expression  for  the  noise  figure  is 


(6) 
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2R„  R 


■(y  w) 

2<*oVe 


The  noise  figure  has  been  shown  to  be  essentially  the  same  for 

common  base  and  common  emitter  configurations  [6]  .  It  depends 

on  the  emitter  and  base  resistances  r  and  r  1  and  the  source 

e  b 

resistance  Rg  in  addition  to  the  current  gain  and  the  fre¬ 
quency  relative  to  the  common  base  cut-off  frequency  f/f  .  . 
Equation  (6)  represents  the  effects  of  two  different  sources  of 
noise.  The  first  is  thermally  generated  (Johnson)  noise  that 
is  proportional  to  an  effective  resistance 


(7)  eR  =  ./4kTRB 

and  a  shot  or  recombination  noise  that  is  proportional  to  the 
dc  current  (and  is  inversely  proportional  to  R) 


(8)  in  -  V2q  IacB  . 

Thus  as  shown  by  the  graph  in  the  lower  part  of  Fig.  8,  there 
is  a  value  of  source  resistance  that  minimizes  the  total  noise 
generated.  For  the  105  MHz  family  of  curves  shown  the  source 
resistance  for  minimum  noise  is  250  ohms.  The  other  graph  shews 
the  frequency  dependent  increase  that  becomes  evident  at  around 
200  MHz. 
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This  section  will  summarize  selected  characteristics  of 
electrically  small,  low  frequency  antennas  that  are  pertinent 
to  the  design  of  active  antennas.  These  characteristics  are 
the  self- impedance  of  electric  and  magnetic  dipoles,  mutual 
coupling  effects  for  transmit  and  receive  arrays,  and  the  an¬ 
tenna  noise  temperature. 


Electric  Monopole  Impedance 


For  electrically  short  heights  kQh,  the  series  impedance 
of  an  electric  monopole  is  represented  by  a  frequency  dependent 
resistance  and  a  capacitive  reactance  X^[5] 


(9) 


zk  =  Rfl  + 


\  ■  10(V»2 

z0A 

X  —  -  Z  cot  k  h  fa  -  - — — 
A  OA  0  k_n 


C*  =  Vo* 


r  ,  85hln 

CA  (Pfd)  =  "i— 
OA 


=  60  ftn  -  -  1^ 
\  a  , 


8  9 

vQ  =  3  x  10  m/s  =  11.8  x  10  in/s  . 


For  monopoles  of  heights  of  1  to  3  feet  and  diameters  (2a)  of 

i/16  to  1/8  inch  the  characteristic  impedance  Z„  is  tvpicallv 

OA 

-'0  to  350  ohms.  The  capacitive  reactance  is  adequately 
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modeled  by  a  capacitance  C  that  is  of  the  order  of  4  to  3  pfd 

per  foot  of  length.  The  short  monopole  parameters  presented  in 

Table  I  of  the  Introduction  follow  from  equations  (9)  and  (10) 

directly.  For  a  dipole  antenna  R  ,  X  ,  Z  and  1 /C  are  double 

A  A  UA  A 

the  corresponding  monopole  value. 

•  •  •  »  me 

Any  antenna  illuminated  by  an  incident:  electric  field  E 

develops  an  open  circuit  voltage  that  is  proportional  to  its 

oc  inc 

effective  length  V  =  E  L  where  for  short  dipoles  K  -  h/2. 

e  s 

3.2  Magnetic  Dipole  Impedance 

A  single  turn  loop  antenna  of  diameter. 2R  and  conductor 
diameter  2a  has  a  series  impedance 

(11)  R  =  200  (k  R) 4 

A  0 

xfl  =  <„  Bu0(4n^-2)  =Zol<V>!  Z0L  =  ,1o(in  T  -  2)- 

The  voltage  developed  by  a  small  loop  antenna  is  V°C  =  nR  (k^R)  Elnt  . 

For  small  electric  and  magnetic  dipoles  the  untuned  ef¬ 
ficiency  r|  is  inversely  proportional  to  the  Q  and  is  cubic  law 
dependent 


200 


<V> 3 


<v> 


Both  types  of  dipoles  appear  to  have  the  same  potential  for 
broadband  active  antennas  although  the  proportionality  factor 
of  r*  differs  somewhat. 
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3 . 3  Mutual  Coupling 

The  mutual  coupling  properties  of  antennas  will  be  analyzed 
in  terms  of  the  S-parameters  of  the  System  1  two  element  array 
and  System  2  remote  probe  shown  in  Fig.  9.  In  particular  the 
effect  of  mutual  excitations  will  be  explicitly  modeled  and  the 
equivalence  of  the  transmit  and  receive  impedance  verified.  In 
Fig.  9,  it  is  noted  that  the  parameters  S^_.  are  measured  in  the 
array  environment.  Thus  S^  represents  the  self  impedance  of 
antenna  1  in  the  presence  of  2.  It  is  not  necessarily  identical 
to  when  2  is  removed  and  the  measurement  is  repeated  for  the 
isolated  element. 


Transmit  Impedance 

Let  System  1  with  antennas  1  and  2  be  the  transmit  system. 
The  input  impedance  is  to  be  determined  for  the  condition  that 
the  excitations  are  related  by  a  complex  constant 


(13) 


=  V 


21 


The  remote  probe  antenna  is  well  terminated  so  that  s  0.  It 
follows  directly  from  the  equation  in  Fig.  9  that 

<14)  F1T  ■  ^  -  S11  +  *12  V21 


2T 


a2  22 


21 

r 

21 


"he  input  impedance  of  antenna  1  for  transmit  is 

*  i  +  r. 


IT 


i  -  r 


IT  _  1  :  sn  ;  S12  V21 
IT  1  S11  "  S12  V21 
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Transmit/receive  system  S  parameters  for  array  transmit  and  receive 
impedance  analysis 


The  mutual  coupling  coefficients  =  s  and  the  relative 

excitation  strengths  V  influen,  □  the  input  impedance  as  well 
as  S^.  Had  there  been  N  element,,  in  the  array  of  System  1, 
the  procedure  outlined  here  for  t  wo  elements  could  be  extend-  d 
in  a  straightforward  manner  without  any  significant  change  in 
the  approach  or  concept. 

Receive  Impedance 

If  System  1  is  now  receiving  a  signal  transmitted  from 
the  remote  probe,  then  a^  is  an  independent  variable  and 


a.  =  T.  b. 

i  ii 


*“1,2  . 


The  source  impedance  of  the  Thev,:n(n  equivalent  of  any  network 
is 


2  —  Z  . 

iR  iS 


For  antenna  1  we  obtain 

,18>  bic=  sn  bi°c 


oc 

V. 

l 

b.oc 

l 

I  SC 
i 

b.SC 

i 

and  r.. 

1  a  short 

*12  V2\ 

OC 

b  +  s 

1 

13  a3 


S13a3 _ 

1  -  S11  -  S12VV. 

S13a3 

1  +  S11  +  S12b, 


1  *  S11  I  812V2 
'1S  1  -  S11  '  S12V2! 
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Fq  IN  DECIBELS  A  DOVES  k  T0B 


0  -i - - - 1 - 1 - i - - - 

200  300  SCO  lOOOMHi 


lOCVHx 


FREOJENCT 


Composite  urban  average  incidental  man-made  noise  power. 


ITT  handbook,  average  man-made  noise  power  curves. 


10  Man-made  noise  levels 


80  MHz  frequency  band,  the  external  noise  can  exceed  the  re¬ 
ceiver  noise  from  as  little  as  1  to  2  d3  to  as  much  as  45  dB. 

It  is  noted  that  all  the  noise  curves  increase  approximately 
20  dB  per  decade  as  the  frequency  is  decreased. 

When  the  antenna  is  lossless,  the  antenna  noise  temperature 
equals  the  ambient  noise  temperature.  When  the  antenna  is  lossy 
with  an  efficiency  the  effective  antenna  temperature  is 

(20)  Ta*  =  rfT  +  (1~T) )  Tq. 

If  the  ambient  noise  temperature  is  very  high  and  is  the  dominant 
source  of  noise,  then  the  inefficiency  of  the  antenna  lessens 
the  noise  as  well  as  the  signal. 


4.0  System  Noise  Temperature  [5] 

When  an  antenna  of  noise  temperature  T  and  efficiency  rj 
is  connected  to  a  receiver  with  a  front  end  noise  temperature 
Tr  =  (F^-l)  Tq  the  system  noise  temperature  is 

(21)  Tsys  =  rfT^  *  (l-n)T0  ♦  <Fn-1)T0 


=  *rs  +  (FN-^)T0. 


The  system  s ignal-to-noise  ratio  is 


(22) 


S  =  GS_  =  DS^r 
0  0 

N  =  KT  B 
•SYS 


_  DS 
S  _  _ 0 


V 


k  n,!V*t0lr(-,l 


Degradation  ' 


So  long  as  t  tj  ->.*  x  it  tne  system  hiyuai-uj-iiuisc  j.aux^ 

A  UN 

will  not  be  appreciably  degraded  beyond  the  fundamental  limit 
imposed  by  the  external  noise. 

5.0  Review  of  Selected  Literature 

It  appears  that  che  earliest  publications  of  antennas  as 
an  integral  part  of  a  transistor  preamplifier  are  due  to  J.R. 
Copeland.  The  references  cited  in  his  1964  paper  on  antenna- 
fier  arrays  [7]  begin  in  1960.  in  the  1964  publication,  the 
advantages  of  integrating  the  antenna  into  the  transistor  in¬ 
put  matching  circuitry  to  optimize  the  receive  signal-to-noise 
ratio  were  discussed  in  very  general  terms  such  as  eliminating 
losses  and  extra  circuit  elements.  The  extremely  wideband 
potential  of  the  integrated  antenna  transistor  network  in  terms 
of  similar  antenna  efficiency  and  external  noise  characteristics 
is  not  explicitly  mentioned.  Some  experimental  data  is  present¬ 
ed  for  the  noise  figure  of  an  individual  element  and  a  four 
element  array.  Pattern  measurements  were  made  over  a  25%  band¬ 
width.  Noise  temperature  data  was  presented  only  for  frequencies 
in  the  band  center  near  150  MHz. 

Since  1968  an  extensive  and  continuous  effort  by  H.Meinke 
and  H.Lindenmeier  of  the  Technical  University  of  Munich  has 
been  in  progress.  They  have  systematically  analyzed  and  reduced 
to  practice  the  optimum  wideband  SNR  potential  of  active  anten¬ 
nas  [8,91.  The  distinctive  feature  of  their  analytical  publica¬ 
tions  on  the  topic  has  been  the  use  of  contours  (circles)  of 
normalized  power  and  SNR  in  the  antenna  impedance  plane.  The 
case  of  the  constant  power  curves  can  be  derived  rather  simply 
and  will  be  presented  as  an  introduction  to  their  approach.  For 
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the  equivalent  circuit  on  the  left  hand  side  of  Fig. 11,  the 
power  available  to  the  load  impedance  Z  from  the  source  of 
impedance  Zg  is 


(23) 


P  = 


V  V*  R 


(Z+Zs)  (Z+Zg)  * 


V  V*  R 


(R+Rs)2  +  (X+Xg)2 


When  Z  =  Z  =  Z  *  the  maximum  power  is  P  -  W*/4R  .  Thus 
opt  0  u 


(24) 


W*R 


P  =  _ 

P  w*  (R+R0)2  +  (x-xQ)2 


1  +  I z-z. 


4R0R 


The  3  dB  half  power  contour  occurs  when  the  second  term  in  the 
denominator  is  unity. 


(25) 


2  2 

4RRq  =  (R-Rq)  +  (X-XQ) 


Solving  equation  (25)  when  X  =  XQ  yields  the  maximum  and  minimum 
resistance  of  the  contour. 


(26) 


R  =  RQ  (3  +  v'8) 
R  =  R0  (3  -  v’S) 
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enna  impedance  plane. 


The  normalized  diameter  of  the  contour  is 


(27)  6  =  =  3  +  JQ  -  3  +  ,JS  =  4  Jl  . 

P  Rn 


This  enables  the  3  dB  power  contour  on  the  right  hand  side  of 
Fig.  11  to  be  constructed.  In  a  similar  manner  Lindenmeier  [8] 
has  constructed  contours  of  SNR  using  the  fact  that  the  tran¬ 
sistor  noise  temperature  can  be  represented  by 


(28) 


Z  -  Z 

T  .  +  T  - 

mm  1  R  Rq 


The  result  comparable  to  equation  (24)  for  the  power  contour 
is 


(29) 


SNR 

SNR 


1  + 


1 


5  = 


1  +  T  /T  . 
_ A  mm 

T,/T  . 

1  mm 


The  normalized  diameter  of  the  3  dB  contour  is 


(30) 


N 


=  tJ-  + 


4£ 


-1 


Additional  results  have  been  derived  to  include  the  effects  of 
loss  in  the  antenna  and  matching  network. 

The  formulation  of  Hansen  [5]’  which  defined  the  degradation 
factor  v  introduced  in  Fig.  1  and  equation  (22)  was  found  to  be 
conceptually  helpful.  His  article  written  from  a  system  point 
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of  view  is  briei^  but  lucid  and  self-contained.  It  does  not, 
however,  address  any  of  the  concepts  pertinent  to  an  actual 
design  of  the  matching  network  or  transistor  characterization. 

Anderson  et  al  [10,11]  appear  to  be  the  first  to  publish 
a  common  representation  of  the  transistor  and  antenna  character¬ 
istics  Tz  parameters]  which  can  analytically  demonstrate  the 
buffering  or  mutual  impedance  reduction  for  active  elements  in 
transmit  and  receive  arrays.  Experimental  results  have  been 
published  to  substantiate  the  improved  bandwidth  obtained  by 
the  use  of  active  elements  for  the  separate  cases  of  transmit 
and  receive  configurations. 

Results  have  also  been  reported  using  active  elements  with 
loop  antennas  [12] .  The  effort  was  limited  to  analysis  and  ex¬ 
perimental  measurements  of  the  impedance  and  radiation  properties. 
Noise  figure  performance  was  not  addressed. 


IV- 3  2 


REFERENCES 


[1]  P.E.Gray,  Introduction  to  Electronics,  Wiley  1967 

[2]  H,A.  Watson  (Ed) /  Microwave  Semiconductor  Devices  and 
Their  Circuit  Applications,  McGraw-Hill#  1969 

[3]  S-Parameter  Circuit  Analysis  and  Design,  H.P.  Application 
Note  95,  September  1968. 

T4]  Motorola  RF  Data  Manual,  1978. 

[5]  S.H.Radjy  and  R.C. Hansen,  S/N  Performance  of  Aperiodic 
Monopoles,  pp. 259-261,  IEEE  Trans.  AP, March  1979. 

[6]  A. van  der  Ziel,  Noise  Sources,  Characterization,  Measure¬ 
ment,  Prentice-Hall,  1970. 

[7]  J.R. Copeland  et  al,  Antennafier  Arrays,  pp. 227-233,  IEEE 
Trans.  A. P., March  1964. 

[8]  H.Lindenmeier ,  Optimum  3andwidth  of  Signal-to-Noise  Ratio 
of  Receiving^ Systems  with  Small  Antennas,  Archiv  far  Ele- 
ktronik  und  Ubertragungstechnik,  Band  30,  1976. 

[91  H.Meinke  &  H.Lindenmeier ,Aktive  Empfancsantennen.Lehrstuhl 
fur  Hockfrequenztechnk  of  the  Technical  University  of 
Munich,  March  1977.' 

r101  A. P. Anderson  et  al.  Note  on  Transistor-Fed  Active  Array 
Antennas,  pp  537-539,  IEEE  Trans.  A . P. , July  1971 

[111  A. P. Anderson  and  M.M.Dawoud,  The  Performance  of  Transistor 
Fed  Monopoles  in  Active  Antennas,  pp. 371-374,  IEEE  Trans. 

A  P , May  1973 

[12[  ? . A .  Ramscale  and  T.S.M.MacLean,  Active  Loop  Dipole  Aerials, 
pp. 1698-1710,  Proc.IEE,  December  1971. 


IV- 3  3 


APPENDIX  A 


S-Parameter  Relationships 
for  the  Design  of 
RF  Transistor  Amplifiers 
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